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Abstract: This study introduces an original concept in the development of hydrogel materials for
controlled release of charged organic compounds based on semi-interpenetrating polymer networks
composed by an inert gel-forming polymer component and interpenetrating linear polyelectrolyte
with specific binding affinity towards the carried active compound. As it is experimentally illustrated
on the prototype hydrogels prepared from agarose interpenetrated by poly(styrene sulfonate) (PSS)
and alginate (ALG), respectively, the main benefit brought by this concept is represented by the ability
to tune the mechanical and transport performance of the material independently via manipulating
the relative content of the two structural components. A unique analytical methodology is proposed
to provide complex insight into composition-structure—performance relationships in the hydrogel
material combining methods of analysis on the macroscopic scale, but also in the specific microcosms
of the gel network. Rheological analysis has confirmed that the complex modulus of the gels
can be adjusted in a wide range by the gelling component (agarose) with negligible effect of the
interpenetrating component (PSS or ALG). On the other hand, the content of PSS as low as 0.01 wt.%
of the gel resulted in a more than 10-fold decrease of diffusivity of model-charged organic solute
(Rhodamine 6G).

Keywords: hydrogels; semi-interpenetrating polymer networks; controlled release systems; rheology;
diffusion; cryo-scanning electron microscopy

1. Introduction

Hydrogel represents a three-dimensional, water-swollen network assembled from cross-linked
chains of either polymer molecules or partially coagulated colloidal particles. Because a macromolecular
gel network can be formed from virtually any water-soluble polymer, hydrogel materials generally
encompass a wide range of chemical compositions possessing a great variety of miscellaneous
physicochemical functionalities that can be exploited in numerous applications [1]. Among them,
the biomedical use of hydrogels has attracted particular interest since their first appearance. In a
fact, hydrogels were the first biomaterials designed intentionally for the use in the human body [2,3].
The main benefits regarding their biomedical application include a combination of high water content
and physicochemical similarity to the native extracellular matrix [4] which together results in their high
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biocompatibility. Furthermore, their internal structure, as well as the rate of degradation or dissolution
in vivo, can be tuned by controlling their chemical composition, type and density of the cross-links,
etc. Since the first pioneer works on covalently cross-linked poly(2-hydroxyethyl methacrylate) gels
published by Wichterle and Lim in 1960 [3], significant progress has been made in the field of hydrogel
design for biomaterial use, in particular in improving the physical form of the hydrogel delivery
(including micro- or nanoparticulate gels [5,6], gel films [7,8], etc.), in providing a specific response to a
change in the external conditions (such as temperature [9,10], pH [11,12] or concentration of a particular
biomolecule [13,14]), or in obtaining materials with precisely designed internal architecture such as
the superporous gels [15,16], hydrogels self-assembled from biopolymers produced by genetically
engineered microorganisms [17,18], dual network gels [19,20] and many others. Hence, until now,
hydrogel materials have not only gained a prominent position in the field of medical research but
have also been put into common practice in tissue engineering [21,22], regenerative medicine [23,24],
diagnostic [25,26] or separation techniques [27,28], cell immobilization and cultivation and, perhaps
most exclusively, in drug-delivery applications [29].

Despite many beneficial properties, hydrogels have also some specific limitations and risks
regarding their uses in the development of drug-delivery systems [29]. For example, poor mechanical
properties (i.e., low tensile strength) of the gels compared to ‘hard” drug-delivery systems such as
nanoparticles may lead to a premature disintegration of the gel carrier and instantaneous release of
the active substance under a mechanical strain [30]. Perhaps even more important are the specific
limitations connected to the transport properties of the gels. Drug loading capacity, as a complex
product of multiple influences (drug solubility in water, its partition between gel and solution, or its
effect on the stability of the gel network junctions) is usually limited even in the case of hydrophilic
active substances [31,32]. Moreover, high water content and large pore size indispensably result in
rapid drug release on a time scale of hours to days which again barely competes with the long-term
release profiles of other delivery systems such as microspheres [33]. Until now, a range of strategies
has been proposed to improve the partition of the active substance in the gel and to retard its release
from the hydrogel carrier. These strategies usually aim at supporting the binding (either chemical
or physical) between the drug and the polymer network. Hence, numerous procedures have been
explored to incorporate monomers with a specific ionic or non-ionic affinity to the drug into the
preparation of synthetic polymer networks [34], to exploit the presence of native functional groups of
biopolymers (e.g., carbohydrates) in their physically cross-linked gels [35,36] or to conjugate the drug
to the gel network via covalent bonds prone to enzymatic or chemical cleavage in situ [37].

In the present work, we put forward an alternative strategy, which aims to address both the
aforementioned issues of the hydrogel drug carriers independently to each other. Our hydrogel system
is based on semi-interpenetrating polymer networks (semilPNs) which, together with interpenetrating
polymer networks (IPNs), belong to the class of polymer blends. IPNs are defined by International
Union of Pure and Applied Chemistry (IUPAC) as “A polymer comprising two or more networks
which are at least partially interlaced on a molecular scale but not covalently bonded to each other
and cannot be separated unless chemical bonds are broken.” [38] SemilPNs differ from the IPNs
in the fact that the chains of the second polymer are dispersed in the network formed by the first
polymer without forming a separate network and, consequently, the linear polymer component can in
principle be separated from the constituent polymer network without breaking chemical bonds [38].
In recent years, both IPNs and semilPNs have attracted special attention in novel material applications
mainly due to the possibility of combining favorable properties of each polymer component to the
final properties superior to those provided by the two polymer constituents alone. Hence, several
IPN- and semiIPN-based hydrogel compositions have recently been proposed for application in tissue
engineering [39] and in controlled-release (CR) systems [40], where the synergistic effect brought by
the combination of the two polymer component is primarily focused on the specific improvement of
mechanical properties, biocompatibility, thermal stability or chemical resistance of the gel.
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In our study, we introduce a different approach to the utilization of semilPN hydrogels in
drug-delivery systems. Rather than focusing on a specific polymer composition developing carriers of
hydrophilic (in particular ionic) active compounds based on semilPN hydrogels which comprise a
‘structure-ruling’ gel-forming component, with a low affinity to the drug substance, interpenetrated by a
‘binding” component that does not interfere with the internal morphology and the mechanical properties
of the gel but significantly improves hydrogel reactivity. We hypothesize that such a system would allow
an independent dual-tuning of mechanical and transport performance via manipulating the relative
content of the two structural components. As a prototype material, we here introduce hydrogels based
on an agarose network interpenetrated by a linear polyelectrolyte component. Agarose is involved in
the study as a model representative of thermomelting polysaccharides which form physical hydrogels
via thermally induced phase separation. Among versatile applications of agarose [41], its use in
tissue engineering [42] and drug delivery [43] has recently attracted special attention mainly for its
great biocompatibility, temperature-dependent behavior [43,44], and multiple options of manipulating
its internal architecture [45,46]. As an interpenetrating component, two structurally distinct linear
polyanions, alginate and poly(styrenesulfonate), are used in this study to provide an attractive binding
affinity towards model low-molecular solute—Rhodamine 6G. This compound was used mainly for its
complex molecular structure combining highly hydrophilic positively charged nitrogen atom with
neighboring aromatic structural moieties, which represents a common structural motif widespread in
different groups in pharmaceuticals [47,48].

The main aim of the study is to test the ability of the system to tailor the chemical structure and
internal morphology of the proposed semilPN hydrogels separately and, consequently, to manipulate
its mechanical (rheological) and transport properties independently. To evaluate the relation between
internal structure (both physical and chemical), mechanical properties, and transport performance of the
resulting gels, we present a unique analytical approach, where the three fundamental material qualities
(structure, rheological properties, and transport performance) are studied both on the macroscopic (i.e.,
the sample-averaged) and the microscopic scale.

2. Materials and Methods

2.1. Preparation of the Gels

All hydrogels, utilized in this study were prepared via the thermoreversible gelation of the
aqueous solution of agarose (Type L, low electroendoosmosis; Sigma-Aldrich, Prague, Czech Republic).
Agarose hydrogels (without any addition of a polyelectrolyte component) were prepared from the
aqueous solution of agarose (concentration of agarose in solution/gel: 0.5%, 1%, 2%, and 4% by weight),
while agarose-based semilPN gels from the aqueous solution of agarose (1 wt.%) with a corresponding
addition of a dissolved polyelectrolyte (0.002, 0.005 and 0.010% by weight). As a polyelectrolyte
component, alginic acid sodium salt (ALG; Sigma-Aldrich, Prague, Czech Republic, 180947, average
MW 120-160 kDa, M/G ratio 1.33 [49]) and poly(sodium 4-styrenesulfonate) (PSS; Sigma-Aldrich,
Prague, Czech Republic, average MW 70 kDa), respectively, were used.

The gelation proceeded as follows: the accurately weighed amount of agarose powder was
dispersed in deionized water (preparation of agarose gels) or in the aqueous solution of the respective
polyelectrolyte of the required concentration (semilPN gels), respectively. The mixture was at first
slowly heated with continuous stirring to 85 °C and then maintained at the constant temperature until
the solution turned transparent. Subsequently, the solution was degassed in an ultrasonic bath (1 min.
at 85 °C) and slowly poured into the corresponding container (according to the needs of subsequent
analysis) which was then stored in a closed bottle above the water-level (i.e., at 100% relative humidity
to prevent unwanted surface evaporation of water). Upon the gradual cooling to room temperature
(approximately 45 min), the mixture gradually gelled.
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2.2. Turbidimetry

For the turbidimetric experiment, the respective heated and degassed agarose solution (with or
without the respective polyelectrolyte component) was poured and let to cross-link in the poly(methyl
methacrylate) cuvettes for spectrophotometry (10 x 10 X 45 mm?). Subsequently, the ultraviolet-visible
(UV-VIS) transmittance spectrum of the gel was collected in the wavelength range 300-800 nm on
Hitachi U3900 spectrophotometer (Tokyo, Japan), whereby deionized water was used as a reference
sample. From the transmittance spectrum, optical densities (OD) in the spectral range of 700 to 800 nm
(where no specific light absorption by the gel components is expected) were calculated according
to OD (A) = —logT(A). From the optical density, turbidity was calculated (considering optical path
length = 10 mm) from T(A) = 2.3 OD (A). Calculated turbidities in the spectral range 700-800 nm were
plotted as logT(A) = f(logA) and the linear fit of the plot was performed using MS Excel. The wavelength
exponent then was determined as the slope of the linear fit and further transformed into the correlation
length (in um) using data published by Aymard [50]. Finally, the correlation length value is presented
as an effective value of mesh size determined from turbidimetry.

2.3. Oscillatory Rheometry

For the analysis of macroscopic viscoelastic behavior of a hydrogel sample, the circular cut of the
gel (40 mm in diameter, 1.1 mm in height), gelled in a Petri dish before the analysis, was placed on the
bottom Peltier plate of the Rheometer AR-G2 (TA Instruments, New Castle, DE, USA) pre-tempered
to 25 °C. The oscillatory analysis was performed using plate-plate geometry (titanium plate sensor,
40 mm in diameter) at a constant temperature of 25 °C. The upper rheometer shaft with geometry
was moved into the trim gap (1020 pm) and excess of hydrogel outside of both plates was cut away
by a spatula. The geometry gap (1000 um) was reached (normal force during compressing did not
exceed 5 N). Due to the high content of water in hydrogels, the solvent trap was used to prevent
the potential change in viscoelastic properties due to the evaporation of the dispersion medium.
Frequency sweep measurements were performed on the whole set of hydrogel samples in duplicate.
The conditioning step (25 °C, 5 min) preceded before each measurement. Thanks to the conditioning
step, each hydrogel was relaxed and tempered to the required temperature before measurement. Firstly,
the linear viscoelastic region (LVR) was determined by strain sweep test at a constant frequency of
oscillation (1 Hz) in the range 0.01-1000%, 6 points per decade (Figure 52 in Supplementary Materials).
The constant amplitude of deformation chosen from the LVR (0.5%) was used for all frequency sweep
measurements. Frequency sweep measurements were performed on the whole set of hydrogel samples
in duplicate (at least) with parameters as follows: 0.01-20 Hz, 6 points per decade, decimal logarithmic
mode. The relative deviation of the duplicate measurements never exceeded 10% (in terms of elastic
(storage) modulus G” and viscous (loss) modulus G”, respectively). From the recorded values of G" and
G”, the corresponding values of complex modulus |G*| and phase angle 5 were calculated according to:

G = (G")* +(G")? (1)

12

G )

To calculate the effective mesh size from frequency sweep data, frequency dependencies of elastic
and viscous moduli were fitted (using least square regression algorithm) with a generalized Maxwell
model [51] using the procedure described by Pescolido et al. [52]. Fitting functions were as follows:

b = arctg
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where f is the frequency of oscillations (in Hz), n = 4 is the number of considered Maxwell elements
(determined via the statistical procedure described in [53]), G; and A; represents the corresponding
spring constant and relaxation time, respectively, of the i-th Maxwell element. Data fitting was
performed using the Solver tool in MS Excel. Based on the results of the data fitting, hydrogel shear
modulus was calculated as the sum of the spring constants of Maxwell elements G = }.!" ; G; and
transformed into the density of crosslinking px and into the average network mesh size £ according to:

G
Px = RT 5)
and,
R 6
= 6
& — (6)

where T is the thermodynamic temperature, while R and N4 the universal gas constant and Avogadro
constant, respectively.

2.4. Microrheometry

A colloidal analyzer Zetasizer Nano ZS (Malvern Panalytical Ltd., Great Malvern, UK) was used
to collect dynamic light scattering (DLS) microrheological data. This method is based on observing
the movement of tracer particles with defined particle size (polystyrene monodisperse with nominal
particle size 100 nm, Sigma-Aldrich, Prague, Czech Republic) in the sample via monitoring the
time development of intensity of the light scattered by these particles. The tracer particles were
homogeneously incorporated inside the analyzed hydrogels during the initial preparation step (they
were added to the mixture before heating up to dissolve agarose powder). The experimental parameters
of DLS microrheological measurements were set as follows: temperature: 25 °C, equilibration time:
60 s, duration of one run: 10 s, number of runs: 12, number of measurements of each sample: 5. Each
sample was prepared and analyzed in three replicates. The main experimental outcomes from DLS
microrheology was the dependence of mean square displacement (MSD) of tracer particles in the
studied hydrogels on the observation time. From the respective MSD, viscoelastic parameters (primarily
the storage and loss moduli) were calculated in the Microrheology software tool in Zetasizer Software
(Malvern Panalytical Ltd., Great Malvern, UK). Other viscoelastic parameters (complex modulus,
phase angle) were calculated using equations shown above for the oscillatory rheology.

2.5. Macroscopic Diffusion Experiments

The whole set of prepared hydrogels was subjected to diffusion experiments proposed and
optimized in our previous study [54,55]. For this purpose, hydrogel samples were prepared directly in
PMMA cuvettes for spectrophotometry similarly to turbidimetry analysis. In this case, the cuvettes
were overfilled with the solution to achieve the concave meniscus of the agarose solution at the cuvette
edge. After the solidification (approximately 30 min, room temperature), the excess hydrogel was cut
away to obtain a flat hydrogel surface at the open orifice of the cuvette.

The hydrogel-filled cuvettes were then immersed in a solution of model solute to study its
diffusion in the gels qualitatively and quantitatively. As the model solute, positively charged organic
dye Rhodamine 6G (R6G, dye content > 95 wt.%, Sigma-Aldrich, Prague, Czech Republic) was
used. The concentration of the source solution of R6G in the diffusion experiment was 0.01 g.dm™=>,
the solution was continuously stirred via a magnetic stirrer (250 RPM) during the whole diffusion
experiment. At selected times (24, 48, and 72 h), the cuvettes were taken out of the solution and the
UV-VIS absorption spectra were measured in the 300 to 800 nm spectral range at various distances
from the orifice on Varian Cary 50 UV-VIS spectrophotometer (Varian, Inc., Paolo Alto, California,
USA) equipped with the custom-made accessory providing controlled fine vertical movement of the
cuvette in the spectrophotometer (for details on the accessory, see [56]). For a determination of R6G
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concentration in the gel from the recorded spectra, a set of reference hydrogel samples was prepared
for every tested agarose-polyelectrolyte composition. In the reference hydrogel samples, a known
concentration of homogeneously dispersed R6G was provided by the addition of the corresponding
amount of R6G to the agarose solution before its gelation. Further data processing of the spectra
(suppression of the light scattering background signal) was described in detail previously [54,56].
Diffusion experiments were performed in duplicates for each of the analyzed hydrogel compositions.

Each concentration profile (dependence of R6G concentration on the position in the gel, i.e.,
on distance from the solution/gel interface) determined for a particular hydrogel at the time of diffusion
t were fitted by following diffusion equation (for the derivation, see [57]) using the Solver tool in
MS Excel:

c(x) = co-erch @)

[AD, ¢t

where c(x) and ¢y are concentrations of R6G in the gel (in g-m™) at distance x from the interface or at the
interface, respectively, and D is the effective diffusion coefficient of R6G in the gel. From the fitting
parameters (D, co) the rate of R6G diffusion and its partition in the gel is described quantitatively.
The partition coefficient is then calculated as the ratio of the interface concentrations of R6G in the gel
and the solution (cg;), respectively:

€ = ¢o/Csol 8

Mean values and standard deviations of these parameters were calculated by averaging the results
for three diffusion times and duplicated measurements.

2.6. Fluorescence Correlation Spectroscopy

Self-diffusion of the molecules of the model solute (R6G) was studied by fluorescence correlation
spectroscopy (FCS). For this purpose, the homogeneous distribution of the R6G molecules (concentration
in the order of nM) was achieved similarly to the preparation of reference hydrogel samples for the
evaluation of macro-diffusion experiments.

The FCS measurements were performed on MicroTime 200 instrument (PicoQuant, Berlin,
Germany) equipped with a fluorescence microscope Olympus IX71 (Olympus, Tokio, Japan) (setup of
the system: laser wavelength 510 nm, dichroic mirror 514/640 nm, emission filter 550/49, laser intensity
6.6 pW). Moreover, during FCS measurements, two single photon avalanche diode detectors were
used, which allowed us to use cross-correlation for data evaluation. To maintain uniform measurement
conditions, at the beginning of the experiment the vertical (xz) scan was performed and the position
of the glass-gel interface was identified. Afterward, a horizontal (xy) scan was performed 5 pm
above the glass surface and three different positions were chosen for measurements for each sample.
Subsequently, for FCS analysis each hydrogel sample was prepared in five replicates. The main
outcome from FCS analysis is the coefficient of self-diffusion of R6G in each hydrogel sample.

2.7. Scanning Electron Microscopy Imaging

For the scanning electron microscopy (SEM) imaging of the internal structures of the gels, samples
were first cryogenically fixed. Small copper-based thin-wall tubes with a diameter of approximately
1 mm were at first filled with the particular hydrogel sample—each tube was filled by performing
a horizontal motion through the already gelled agarose or agarose/polyelectrolyte solution using
tweezers so that the hydrogel protruded from the tube at both ends. The plunge-freezing technique of
fixation was used, where a small amount of hydrogel is rapidly cooled by immersion in cryogen (liquid
nitrogen in this case). After having been plunge-frozen, the tubes containing hydrogel samples were
kept at cryogenic temperatures throughout the whole experiment including the imaging. Before the
imaging, freeze-fracture was also applied by cutting off the protruding part and scratching the surface
superficially with a sharp blade at high vacuum and low temperature in the EM ACE600 preparation
chamber (Leica microsystems, Vienna, Austria). Three successive steps of freeze etching to reveal
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the internal microstructure were applied. During each of the etching steps, the temperature was
increased to —100 °C, and after it stabilized, decreased back to —120 °C. All the frozen samples were
imaged in the SEM Magellan 400L (FEI-Thermo Fisher Scientific, Hillsboro, OR, USA) equipped by a
temperature-controlled cryo-stage at the temperature of —120 °C; the imaging was performed before
any freeze etching and after each freeze etching step.

Image processing and analysis of the cryo-SEM images was performed in Image] open-source image
processing toolbox (National Institute of Health, Bethesda, Maryland, USA and Laboratory for Optical
and Computational Instrumentation, University of Wisconsin, Madison, USA; version 1.51, [58,59]).
For this purpose, square sections of the raw cryo-SEM images (512 x 512 pixels) were processed by the
following procedures: contrast and brightness of the section were first adjusted according to the image
histogram and the bandpass filter was used to suppress lightening inhomogeneities and horizontal
stripes. Then the processed images need to be converted from grayscale to black and white projections
in an effort to display only the uppermost layer of the 3D network structure. For this conversion, the
image sections were thresholded using the MaxEntropy algorithm. Subsequently, the actual analysis of
the internal structure proceeded using ‘Analyze particles’ and “Analyze skeleton” commands (details
are provided in the Results section).

3. Results

3.1. Mechanical Properties of the Gels

Overall viscoelastic properties of the semilPN gel samples were examined by standard techniques
of oscillatory rtheometry. Results of the frequency sweeps are shown for agarose gels and selected
semilPN gels in Figure 1a,b (corresponding frequency dependencies of storage and loss moduli as
the raw experimental data are provided in Figure S1 in Supplementary Materials). As can be seen,
the value of complex modulus (calculated using Equation (1)) is almost frequency-independent for
all analyzed hydrogels (see Figure 1a). This represents a characteristic rheological feature of densely
cross-linked gel networks where the deformation response in the linear viscoelastic region is not
significantly affected by the timescale of the deformation [60-62]. Perhaps more important, it can be
seen in the same figure that the overall stiffness of semilPN gels can be adjusted over a wide range
of values by alternating the concentration of the network-making component. In the case of agarose
gels, changing the concentration of agarose from 0.5% to 4% by weight shifts the complex modulus of
the gels to the values higher by more than two orders of magnitude. On the other hand, the presence
of the interpenetrating polyelectrolyte components (PSS and ALG) in the range of concentrations
used in this work (max. 0.01% by weight of the gels) does not affect the stiffness of the gel severely
(see Figure 1, for other concentrations of polyelectrolytes, see Figures S2 and S3 in Supplementary
Materials). The frequency dependence of the phase-shift angle (calculated using Equation (2)) illustrates
the relative contribution of the elastic and viscous type of deformation on different time scales (see
Figure 1b). It can be seen that even at the lowest frequencies of the oscillatory shear deformation,
the phase-shift angle is still lower than 45° for all prepared gels (including as well the semilPN gels
with lower content of polyelectrolyte component, data shown in Figure S3 Supplementary Materials).
In other words, even for the slowest deformations that take place on the longest timescales, the gel is
deformed predominantly elastically. At the deformation timescale of seconds, the value of phase angle
is so low for all gels (<10°), that their deformation behavior resembles ideal solids. Finally, it should be
also mentioned that all prepared hydrogels were subjected also to complementary oscillatory tests such
as amplitude sweep (alternatively called strain sweep) and relaxation tests. Although all the particular
results are not shown here (see results of the strain sweep test in Figure 54 in Supplementary Materials),
they can be concluded similarly—differences in the deformation response of the gels caused by the
presence of interpenetrating polyelectrolyte component was insignificant compared to the impact of
the different content of the gel-forming component (agarose).



Polymers 2020, 12, 2561 8 of 25

a 1000000 b %0 O 0.5%AG
(a) (b) e
—_ — . 2% AG
gmwuuoooooooooooooo.o §m . 4%’:AG
2 .....oooooooooooooooooooooo E" - a 1% AG + 0.01% PSS
3 T 5 1%AG +0.01% ALG
- AAAAAAA - 50
g omanaa AN G OAAPHARAAAEE g .
3 [ @
s ocoo b - .0.
E 1w0),0000000000000000 a3 he 29,
g ¢ I VELLL T
10
N "898 8 30w & TREPD s paages
0.01 0.1 | 10 0.m 0.1 1 10 100
frequency (Hz) frequency (Hz)

1000

(

2
—
Q.
—
2
>0
¥

80

100

complex modulus (Pa)
phase angle (degrees)

10 100 1000 10000 100000 1000000 10 100 1000 10000 100000

frequency (Hz) frequency (Hz)

Figure 1. Parameters of viscoelasticity of the gels determined on macroscopic (a,b) and microscopic
scale (c,d). Frequency dependence of the complex modulus (a,c) and the phase angle (b,d), respectively.

The microrheological assay describes the deformation behavior of the gels from a different
perspective. The method based on DLS observation was used for monitoring the thermal motion of
standard tracer microparticles incorporated into the internal structure of the gels. In this approach,
from the scattering correlogram (a function which correlates the scattering intensity over time),
the mean square displacement function of the tracer particles is derived and the basic viscoelastic
parameters (storage and loss moduli and the others related with these two) are calculated for individual
characteristic times or frequencies. This approach therefore provides a microrheometric analog
to standard oscillatory frequency sweep tests—viscoelastic parameters which are obtained are the
same in their essence for both methods; nevertheless, in the case of microrheology, they characterize
viscoelasticity of that part of the internal space of the hydrogel where the thermal motion of the tracer
particles takes place.

Basic results of the DLS microrheology are presented in Figure 1c,d and Figure S5 in Supplementary
Materials. Figure 1c,d show frequency dependencies of complex moduli and phase angles, respectively,
derived from the thermal motion of tracer microparticles in the internal pores of the particular hydrogel
structure. As can be seen, the results of this experiment show fundamental differences as compared to
the results of common oscillatory (macro)rheometry assay. Complex moduli of the gels determined by
DLS microrheometry are significantly lower and considerably more dependent on the frequency of the
deformation. Furthermore, as far as the frequency-dependent complex moduli (as well as complex
viscosity, an alternative quantitative parameter describing stiffness of the material) of all tested gels
(again, including the other PSS and ALG containing semilPN gels presented graphically in Figure S5
in Supplementary Materials) show virtually the same values, and it can be deduced that the local
environments of the microparticle motion in particular gels provide similar deformation response.
Contrarily to the classical oscillatory rheometry, the viscous character of the deformation behavior
predominates (note the values of phase angle > 45° in Figure 1d). This is reasonable from the point of
view that the thermal motion of the particles takes place in the liquid pores of the hydrogel matrix
and that the microrheological approach, therefore, provides insight into the deformation behavior of
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this local microenvironment. Furthermore, it can be seen from the frequency dependencies of phase
angles that while the lowest applied frequencies induce the most viscous deformation response in the
case of oscillatory macrorheometric analysis, the opposite is observed for the microrheology assay
(most elastic response is measured for the lowest characteristic frequencies). Again, this apparent
discrepancy of the viscoelastic properties arises from the essential difference between the two rheometric
approaches. While for the oscillatory rheometry the lowest frequencies characterize the slowest applied
oscillatory deformation where the liquid-like character of the material is most manifested, in the case
of microrheology the lowest frequencies correspond to the longest correlation time where the trace
particle motion reaches also more distant surroundings of the particle. Therefore, the presence of a
polymer network that surrounds liquid pores filled with tracer particles affects the particle motion
most strongly just for the lowest frequencies. It can be seen in Figure 1d that concerning both discussed
aspects of the viscoelastic response of tested gels on the microscopic scale, no fundamental differences
were found for the gels no matter what the content of gel-forming or interpenetrating component was.

3.2. Transport Properties of the Gels

Similarly to the investigation of mechanical properties of the gels, also the analysis of transport
performance towards the model hydrophilic solute (Rhodamine 6G, R6G) was performed using both a
macro- and a micro-scale approach. The results of the diffusion experiments are shown in Figure 2 and
Tables 1 and 2. Firstly, macroscopic investigation of the diffusion of R6G from source solution into the
gels was involved using the methodology developed in our previous work [37-39]. It can be seen in
Figure 2a,c that, using this simple method, the effects of the interpenetrated components on the rate
of transport in the gels can be evaluated even visually. In particular, the picture in Figure 2a shows
that the presence of interpenetrating PSS chains severely affects (decelerates) the rate of R6G diffusion
in the gel and that the effect correlates with the content of PSS in the gels. Furthermore, different
color saturation in the gel near the interface with the source solution indicates that also the partition
of the R6G between the solution and the gel is affected by the presence of PSS. On the other hand,
no such effects can be observed in the case of ALG’s presence in the gels (see Figure 2c). These visual
observations can easily be transformed into quantitative information by measuring UV-VIS spectra at
different positions in the gels. Using the calibration method based on gels prepared with a known
content of R6G, concentration profiles of R6G can be determined for different gel compositions and for
various times of the diffusion experiment. A comparison of such concentration profiles corresponding
to gels with different contents of PSS and ALG is shown in Figure 2b,d, respectively.

By the regression of the concentration profiles (using fitting Equation (7)), effective diffusion
coefficients (Dgg) and boundary concentrations of R6G in the gel (cp) can be calculated (see
Tables 1 and 2). It can be seen that the comparison of absolute values of the calculated diffusivities
agrees well with the qualitative features discussed based on the visual investigation of the gels.
The presence of PSS in the gel reduces the effective diffusivity of R6G significantly; the highest content
of PSS reduced the diffusivity by more than 90% of the value corresponding to the agarose gel with no
interpenetrating component. The effect of ALG was much less pronounced and rather inverse at first
sight—the presence of ALG in the gels slightly increases the average diffusivity. Nevertheless, taking
into account the confidence interval of the diffusivity values, no definite conclusions can be derived for
an effect of ALG on the rate of R6G diffusion in the gels.

A similar difference in effects of the two interpenetrating polyelectrolytes was observed also for
partition coefficients calculated using Equation (8). While the concentration of R6G in the gel at the
boundary with the source solution was not significantly affected even by the highest concentration
(0.01 wt.%) of ALG as compared to the reference agarose gel (see Table 2), the same content of PSS
increased the partition drastically (to more than 10-fold higher average concentration compared to
reference agarose gel). In a fact, partition coefficients determined in this study illustrate the dynamic
partitioning of the solute during its diffusion into the gel. Equilibrium distribution of the solute
between the solution and the gel could be described more accurately by the results of equilibrium
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absorption experiments such as those described in our previous study [55]. On the other hand, the
diffusion experiments proposed here benefits mainly from providing the simultaneous monitoring of
partitioning and diffusion parameters in the single experiment.
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Figure 2. Diffusion of Rhodamine 6G (R6G) in the gels investigated on the macroscopic scale. (a,c) Visual
comparison of agarose gels (1 wt.% of agarose) with different content of the interpenetrating component
after 72 h of diffusion of R6G from solution. (b,d) Experimentally determined concentration profiles of
the same gels.

Table 1. Summarized results of investigation of R6G diffusion on the macroscopic and molecular scale
in hydrogels with/without poly(styrene sulfonate) (PSS).

Weight Content of Macroscopic Diffusivity ~FCS Diffusivity * Partition Coefficient Fluorescence Lifetime

PSS in the Gel D, (um2.s71) Ds (um?-s71) €(-) T (ns)
0% 389 +7 343+ 7 53+20 4.21 +0.06
0.002% 158 + 27 196 + 27 102+26 4.21 +0.09
0.005% 52+ 25 148 + 25 31.0 +£10.1 4.27 +0.07
0.010% 27 £ 22 106 + 22 64.8 + 36.7 4.30 = 0.06

* self-diffusion coefficients determined via fluorescence correlation spectroscopy.

Table 2. Summarized results of investigation of R6G diffusion on the macroscopic and molecular scale
in hydrogels with/without alginate (ALG).

Weight Content of Macroscopic Diffusivity =~ FCS Diffusivity  Partition Coefficient Fluorescence Lifetime

ALG in the Gel Dz (um?-s7) D (um?-s71) £(-) T (ns)
0% 333 +33 385+ 15 70+1.6 3.70 £ 0.02
0.002% 379 + 27 309 + 21 6.4+12 3.73 +£0.03
0.005% 379 + 46 304 + 48 6.4+1.0 3.69 = 0.01
0.010% 394 + 42 298 + 21 6.1+1.0 3.64 + 0.01

FCS analysis provides a complementary view on the transport properties of the gels as far as
self-diffusion of individual, homogeneously distributed R6G molecules is monitored. Self-diffusion
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coefficient (Ds) of the R6G molecules in a respective gel is determined here from the time evolution
of correlation function that characterizes the time scales of fluctuations in the intensity of the
R6G fluorescence. Different diffusion models can be used in the mathematical evaluation of the
correlation function. In our work, we have applied the simplest model involving a single characteristic
decay-time to the autocorrelation function providing one global diffusion coefficient of the present
chromophores. The diffusion coefficient values determined for the semilPN hydrogels are summarized
in Tables 1 and 2. It can be seen that for both polyelectrolyte components interpenetrating the agarose
matrix, the self-diffusivity of R6G decreases with the concentration of the binding component in the gel,
only the exact extent of the suppression of P6G diffusivity is different for PSS and ALG, respectively.
In the case of PSS, the effect is slightly less pronounced than in the case of effective diffusivities
determined by the macroscopic diffusion assay. On the other hand, a modest reduction of the rate of
thermal motion of R6G is here found out also for ALG, unlike the macroscopic assay. The apparent
discrepancy between the results of macroscopic and FCS diffusivity assays may be attributed to
the different experimental conditions as well as to the distinct physical phenomena behind the two
methods. First, the macroscopic diffusion assay uses the concentration of tracked diffusion probe
(R6G) orders of magnitude higher than FCS. The relative content of freely moving RG6 molecules,
not affected by the interpenetrated polyelectrolyte, must be significantly different in the two methods.
Therefore, macroscopic diffusion assay may not be sufficiently sensitive to detect an effect of weakly
binding components (such as ALG). On the other side, when the binding is strong enough to entirely
immobilize the fluorescent molecule, this molecule becomes “invisible” for the FCS methods and the
average self-diffusivity determined by FCS may be overvalued. Actually, in contrast to the macro-scale
experiments with the UV-VIS absorption detection of diffusing R6G, the FCS technique can analyze
only the motion of fluorescence-emitting molecules. Therefore, the strongly physically bound R6G
molecules that lose the light-emitting ability via static fluorescence quenching are not monitored
and do not contribute to the calculated diffusion coefficient any more. In general, results of the FCS
diffusivity assay confirm that R6G molecules are subjected to an attractive interaction with both the
polyelectrolyte components, whereby the interaction is significantly stronger in the case of PSS.

Aside from the determination of the self-diffusion coefficient of a solute, the FCS method can
also provide some additional parameters which might be interpreted concerning the mode of binding
of the solute by the polymer network. For instance, in the case of time-resolved FCS technique, the
average diffusion coefficients of R6G in the analyzed volume are complemented with corresponding
average fluorescence lifetimes. Tables 1 and 2 show the values of the average fluorescence lifetime of
R6G determined by TCSPC (time-correlated single photon counting) analysis of the time-resolved FCS
experiment. Once again, a dissimilar effect has risen from the presence of ALG and PSS, respectively.
The presence of PSS in the gel matrix leads to a slightly increased value of fluorescence lifetime,
while higher content of ALG rather decreases the value. As far as the fluorescence lifetime is inversely
proportional to rates of non-radiative de-excitation processes, its value is sensitive to a local environment
in which a motion of the molecule occurs. In particular, the increase in fluorescence lifetime can be
explained in terms of loss of the rotational freedom of the fluorophore caused by the R6G binding
by PSS.

On the other hand, the R6G fluorescence lifetime, the value of which usually varies around
4 ns [63], is known to be highly concentration-dependent, as Forster energy transfer between monomers
and weakly fluorescent stable dimers at higher R6G concentrations decreases the quantum yield and
causes the fluorescence lifetime shortening [64]. Therefore, a decrease of fluorescence lifetimes in
the gel with the highest ALG content may be assigned to a change in the spatial distribution of R6G
molecules in the gel, which does not alter the rotational freedom significantly but causes colocalization
of R6G molecules and the formation of R6G dimers. Similarly, concentration effects may explain also a
difference in the average fluorescence lifetimes determined for agarose gels without polyelectrolyte
components in the two independent experimental batches (compare the values for 0% ALG and PSS,
in Tables 1 and 2, respectively). As far as all the analyzed gels in the respective experimental batch
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were prepared simultaneously using the same R6G source solution and gelation conditions, it can be
expected that the total R6G concentration in the gels is well comparable. On the other hand, in the case
of a very low concentration of the R6G in the gel (order of nM), this is difficult to reproduce among the
different experimental batches.

The qualitative difference in the effects of PSS and ALG on the fluorescence lifetime can be attributed
to the dissimilar types of solute binding by the two polyelectrolytes. Electrostatic binding between
opposite charges on the functional moieties of ALG and R6G molecules is less orientation-specific
and, therefore, does not limit the rotation of the electrostatically bound R6G molecules significantly.
On the other hand, this binding concentrates the fluorophore in the vicinity of oppositely charged
polyelectrolyte which may enhance its aggregation. Unlike that, the presence of benzene moieties in
the molecular structure of PSS complements the electrostatic attraction of R6G molecules with the
planar stacking of the 7t electron-rich aromatic systems which results in significant loss of the rotational
freedom of R6G and the corresponding increase in fluorescence lifetime.

3.3. Characterization of the Internal Structure of the Gels

Because both mechanical and transport properties of hydrogels are inevitably coupled with their
internal structure, for a reasonable interpretation of results provided by the diffusion and rheological
analyses of the studied hydrogels it is essential to provide their qualitative and, at best, quantitative
structural characterization. For this purpose, we have included in our study also a complex structural
assay comprising methods of either direct visualization or an indirect physicochemical mapping of the
hydrogel network morphology.

For an indirect structural investigation of the agarose-based semilPN hydrogels, we have at first
utilized a simple turbidimetric assay, where turbidity is calculated from the optical density of the
gels (determined by a standard transmission UV-VIS spectrometer) and plotted in log-log coordinates
versus wavelength of the incident light. The exact mathematical apparatus for extracting internal
structure parameters from such turbidity spectra was first proposed by Doty and Steiner [65] and
further utilized by numerous authors [50,66-69]. We have followed the data-processing procedure that
has been successfully applied by Aymard on various aqueous dispersions including swelled agarose
hydrogels [50]. In this approach, linear regression of the log-log turbidity spectrum is performed in
the range of wavelengths from 700 to 800 nm, and from the slope of the fitting line, the mesh size
of an average scattering unit is determined (the log-log plots used for the calculation of the effective
mesh size are shown in Figure S6 in Supplementary Materials). Aymard interprets the mesh size as
the average distance between entanglements in the hydrogel network and, therefore, a value of this
parameter can be taken as a rough estimate of the dimensions of pores in the gels. Mesh size values,
determined from the turbidity data, are summarized in Figure 3a. As expected, the effective mesh size
decreases significantly with the concentration of agarose in the gel as an indicator of the increasing
density of crosslinking in the gel network. The order of magnitude of the calculated mesh sizes is in
good agreement with the published range of pore sizes in agarose gels between 80 and 500 nm [70,71].
It was expected that the minor addition of polyelectrolyte interpenetrating components (PSS or ALG)
will not remarkably alter the internal structure of the gels. It can be seen in Figure 3a that the addition
of 0.01 wt.% of PSS or ALG increased in mesh size. The result can seem surprising as far as any addition
of other polymer components should result in presence of more scattering centers which would hereby
rather decrease the calculated mesh size value. Nevertheless, it must be emphasized that the method
only characterizes a mean isometric dimension of the average scattering unit in the gel, and provides
limited information about the other qualitative and quantitative structural parameters such as the
actual shape of the network pores, width of the pore size distribution, etc. Therefore, conclusions
about the results shown in Figure 3a should, rather, be about how the presence of minor contents of
interpenetrating components does not significantly (in terms of the orders of magnitude) affect the size
of the representative scatterer in the gel.
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Figure 3. Results of indirect structural mapping of the hydrogels with different concentrations of
agarose (O) and of the gels containing 1 wt.% of agarose-based interpenetrated by 0.01 wt.% of PSS (O)
and ALG (&), respectively. The analysis-specific effective mesh sizes were calculated from the results of
turbidimetry (a) and (macro)rheometry (b), respectively.

Not only the light scattering, but also the mechanical properties (mainly the elastic component of
the deformation response) of the polymer networks are fundamentally connected with their crosslinking
densities. Therefore, the results of rheometric assays may be used for the determination of effective
mesh size, which in this case represents the mean size of the elastically active sections of polymer
chains. Calculation of the mesh sizes from frequency sweep tests (using Equations (3) to (6)) is based
on the rubber elasticity theory [72]. Although the validity of this theory for gels has continuously
been questioned [73,74], it has been repeatedly utilized to calculate the mesh size of hydrogels based
on rheometric parameters [52,75]. Previously, we have applied this approach in the determination
of mesh size of polysaccharide-based phase-separated hydrogels [76]. The results of the calculations
for the gels studied in the current study are shown in Figure 3b. As with the turbidimetry-derived
values, also in this case the mesh sizes should be used for qualitative monitoring of changes in the
internal structure rather than to provide absolute dimensions of the hydrogel pores. Again, it is
evident that the increasing agarose content results in decreasing mesh size as a result of a more densely
physically crosslinked agarose network. Compared to the turbidity-based mesh sizes, it can be seen
that much lower values of the mesh size are calculated from the results of oscillatory rheometry. The
elastically active chain sections differ naturally from those that participate in light scattering. Further
comparing the results with published values of agarose gels pore sizes, it is also evident that the mesh
size is significantly lower than the mean pore size. This is not a surprising fact when considering that
also other than physical and chemical junction in the gel network (e.g., mechanical entanglements
of the free polymer chains) can contribute to the elastic response to deformation. In this perspective,
the most important outcome of this indirect structural mapping is that, in accordance with results from
turbidimetry, no fundamental effect of the presence of interpenetrating polyelectrolyte component
was observed (compare the effective mesh sizes for 1wt.% agarose gels with similar agarose gels
containing also 0.01 wt.% ALG or PSS in Figure 3) as compared with the principal influence of the
network-forming agarose component.

The gross picture of the morphology of the gels, provided by indirect structural mapping with
rheometry and turbidimetry, was further refined by direct visualization of their internal porous
structure by scanning electron microscopy (SEM). Cryogenic SEM (cryo-SEM) imaging was applied
because aqueous samples cannot be directly observed in a high vacuum that needs to be maintained
in the SEM chamber without any preceding stabilization. Therefore, the cryogenic fixation of the
sample was performed via rapid cooling provided by the plunging of the sample in liquid nitrogen.
To visualize the internal structure of a hydrogel sample, plunge freezing is followed by freeze-fracture
(scratching the sample at high vacuum and cryogenic temperature) and freeze etching (letting the
frozen water sublime to reveal the sample surface). Although plunging is not an optimal cryogenic
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fixation method for preparation of such hydrated samples in electron microscopy because of the
Leidenfrost effect during which a thermally insulating film of vaporized nitrogen forms around the
sample, preventing fast cooling and allowing water ice crystals to form inside the specimen [77,78],
it could be also beneficial in the case of hydrogel structural studies. We assume that the size and
distribution of the ice crystals correspond to the chemical composition of the hydrogels and the amount
of free water.

Results of the cryo-SEM imaging of the gels with different content of agarose (with the absence
of an interpenetrating component) are shown in Figure 4, while the results for semilPN hydrogels
with the highest content of the respective interpenetrating component are provided in Figure 5.
As expected, the principal role of agarose concentration in controlling the density of the crosslinking
of the hydrogel network is obvious. On the other hand, as can be seen in Figure 5, even the highest
applied concentration of an interpenetrating component (ALG or PSS) does not induce noticeable
changes in the internal structure of the gels. Taking a closer look at the cryo-SEM images, it can be
concluded that the plunge freezing of the gels in liquid nitrogen satisfactorily preserved the internal
structure of the gels that is in correlation with the other applied methods. The network structure is
largely isomorphic, with no apparent signs of anisotropic deformation during cooling. Nevertheless,
some structural artifacts can be found in the images (such as those marked with arrows in Figure 4)
indicating that the formation of ice crystals was not completely prevented.

The cryo-SEM images such as those shown in Figures 4 and 5 serve primarily as a visual
illustration of the qualitative characteristics of the internal structure of the studied gel networks.
From this point of view, the visual evaluation of the cryo-SEM images confirms the qualitative findings
provided by indirect structure-mapping methods (turbidimetry, rheometry), i.e., the principle that
the network-forming role of agarose is not particularly disturbed by a presence of the polyelectrolyte
component. Nevertheless, cryo-SEM imaging can also be further processed to support these qualitative
conclusions from some quantitative outcomes. For this purpose, we have applied two techniques of
the image processing that are implemented in the open-source scientific image-processing toolbox
Image] and that are suggested for the analysis of porous structures.

Firstly, the “‘Analyze particles’ tool (an automatic particle segmentation algorithm implemented in
Image]) was used to identify individual pores in the image of the gel network. The outlines of the pores
detected in the binary projection (Figure 6b) of an original image (Figure 6a) are shown in Figure 6c¢.
As a numerical result of the Analyze particles tool, every outlined pore is described by its area and
perimeter. Wherever it is necessary to take care of the pores which are displayed in the binary picture
touching one another, the Watershed algorithm can be used before particle analysis. This algorithm
uses a density profile to determine if one object with a peninsula should be two objects. If it determines
that they should, it will draw a line to separate them. From the particle analysis, the distribution of
pore areas and perimeters is obtained and processed into statistical parameters, e.g., average or mean
values. The box plot projection of the pore areas and perimeters is shown in Figure 7a,b. These results
again confirm that the size of pores, detected in the cryo-SEM images, decreases significantly with the
increasing concentration of agarose in the gel. Once again, no such considerable pore size reduction is
found for the semilPN gels as a result of the presence of polyelectrolyte component.
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Figure 4. Results of cryogenic scanning electron microscopy (cryo-SEM) imaging of the internal

structure of the plunge-frozen hydrogels with various content of agarose (with the absence of an
interpenetrating polyelectrolyte component). Structure alterations caused by the formation of ice
crystals are marked with arrows.
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Figure 5. Results of cryo-SEM imaging of the internal structure of the plunge-frozen 1wt.% agarose
hydrogels with and without the presence of an interpenetrating polyelectrolyte component (0.01 wt.%
of PSS and ALG, respectively).

Pore areas/perimeters are not in their absolute values reasonably comparable with the results
of indirect structural analyses summarized in Figure 3. Furthermore, as can be seen in Figure 6c,
the pores detected in the cryo-SEM images have complex, rarely isometric shapes and, therefore,
neither pore areas nor pore perimeters can be simply transformed to an isometric representation of
the pore size, such as the diameters in the case of circular pore projections. Therefore, aside from
the “Analyse particles” approach, we used also another image analysis option implemented in the
Image] toolbox—the ‘Analyze skeleton’ tool. In this procedure, the network structure displayed in the
analyzed image is first skeletonized, i.e., replaced by the line skeleton using a topology-maintaining
medial axis thinning algorithm (example of the skeletonized representation of the processed image is
shown in Figure 6d). Using the subsequent analysis tool, branches and junctions of such a skeleton are
classified, counted, and measured. The Box plot which represents the statistical treatment of branch
sizes, detected in the skeleton of cryo-SEM images of analyzed hydrogels, is shown in Figure 7c. Unlike
the areas or perimeters of the pores, the mesh size represents a linear size parameter and as such can be
directly compared with the effective mesh sizes determined by turbidimetry or rheometry. As can be
seen in Figure 7c, the effect of agarose content in the gel surpasses the influence of the interpenetrating
component also in the distribution of branch sizes. Increasing concentration of agarose induces denser
crosslinking which results in shorter branches in the skeletonized image. The mean values of the
branch sizes are in the order of hundreds of nm, which represents larger pore dimensions compared to
the values determined by indirect structural techniques (Figure 3) as well as to the published pore sizes
detected in agarose gels by other techniques [70,71]. This is probably caused by the partial expansion
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of dispersed water resulting from its imperfect vitrification and partial crystallization (see the signs of
ice formation mentioned above).

'
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Figure 6. Processing of cryo-SEM images using the tools implemented in Image] software ((National
Institute of Health, Bethesda, MD, USA and Laboratory for Optical and Computational Instrumentation,
University of Wisconsin, Madison, WI, USA). Scalebar = 10 um. (a) Original image (1 wt.% agarose
gel without any interpenetrating component). (b) Binary projection (grayscale thresholding using
MaxEntropy algorithm) of the original image. (c) An image mask is provided by the application of the
‘Analyze particles’ tool. (d) Image mask is provided by the application of the ‘Analyze skeleton” tool.
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Figure 7. Box plots of pore size parameters determined from analysis of cryo-SEM images using Image]
software. (a,b) Pore areas and perimeters determined using the ‘Analyze Particles’” tool. (c¢) Branch
sizes using the “Analyze skeleton’ tool. Blue dashed lines in the box plots represent the mean values
of the displayed parameters for 1 wt.% agarose gels without the presence of an interpenetrating
polyelectrolyte component.
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4. Discussion

The work presented here was set two major objectives. The first was to evaluate a simple material
strategy proposed for the development of hydrogel-based controlled release systems that would allow
independent tuning of their mechanical and transport features. The strategy is based on hybrid (dual
component) hydrogels that consist of a network formed by a hydrophilic gelling component with
reduced affinity to bind the carried active substance, interpenetrated by chains of a linear polymer that
possess functional groups prone to a strong attractive interaction with the active substance. The second
objective was to propose and test an appropriate analytical methodology that could provide a complex
insight into composition-structure-performance relationships in the resulting hydrogel materials with
the main concern on mechanical and transport properties investigated not only on the macroscopic scale
but also in the specific microcosms of the aqueous gel pores. Combining these two central viewpoints,
the presented study represents a fundamental contribution to the state of the art in controlled release
systems with the potential to open up a new area of research and development of hydrogel-based
CR materials.

The idea of semilPN hydrogels with rheological and transport properties tunable independently
via manipulating the relative composition of a network-making and a binding component is amazingly
simple and it is surprising that, to our best knowledge, no systematic effort has been made to evaluate
the potential of the use of such materials in the development of novel CR systems. The approach has
a great advantage in its modularity—a broad portfolio of gel-making hydrophilic polymers with a
limited capacity of physical binding by strong interactions such as coulomb forces or hydrogen bonds
can be found, including the materials most routinely used in research and development of the first
generation hydrogels for drug-delivery systems (e.g., poly(vinyl alcohol) [79], poly(2-hydroxyethyl
methacrylate) [3,80], poly(ethylene glycols) [81] or thermomelting polysaccharides like gellan, dextran
or agar [82,83]). During their gelation process, all these matrices allow easy incorporation of the
interpenetrating component—a linear hydrophilic polymer with the chemical structure selected
concerning specific binding preferences of intended carried substance. In our study, charged polymers
were suggested as the interpenetrating component as they are generally applicable as a binding
component in CR systems carrying ionic active compounds. A wide range of polyelectrolytes bearing
various densities of positive or negative charges in combination with diverse accompanying chemical
functionalities may be found among natural polymers (anionic and cationic polysaccharides such
as alginate, hyaluronan, chitosan, polypeptides poly-y-glutamate, poly-lysine), their chemically
modified analogs (trimethyl chitosan, quaternized dextran, etc.) or among fully synthetic polymers
(e.g., polymerized substituted acrylic monomers like polyacrylates, polyacrylamides, substituted
polystyrenes, etc.). As a prototype material, agarose-based hydrogels interpenetrated by a minor
content (less than or equal to 1:100 ratio by weight) of anionic polyelectrolytes (PSS and ALG) were
prepared and analyzed in this work. The structure, mechanical properties, and transport of positively
charged organic solute (Rhodamine 6G) in these gels were described thoroughly.

As expected, it was confirmed experimentally that the internal structure of the prepared gels in
terms of their crosslinking density and corresponding internal porosity is principally governed by
the concentration of agarose as the network-forming component (see the schematic representation
of the effect in Figure 8a,b). As far as the morphology of the gel network predetermines its overall
deformation response, also the mechanical performance of the gels is ruled by the content of agarose.
By manipulating the concentration of the network-making component (agarose), the stiffness of
the prepared gels may be altered over several orders of magnitude while the predominantly elastic
(solid-like) rheological behavior typical for densely cross-linked hydrogels always prevails. Controlled
stiffness of the hydrogel drug-delivery system is, on the one hand, a special concern mainly in
load-bearing applications where the risk of premature mechanical destruction of a carrier is followed
by a flow-away of the active compound which must be taken into account. On the other hand,
a direct in vivo application of the highly elastic hydrogel materials may be problematic and limited to
special physical forms such as gel micro- or nano-spheres [29]. Nevertheless, several strategies have
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been proposed to overcome this hydrogel-delivery issue. One of the most common approaches is
based on the injection of a viscous polymer solution followed by in situ crosslinking induced by an
appropriate environmental trigger. One example which may be fully compatible with the proposed
strategy of a semilPN-based hydrogel-controlled release system is represented by block copolymers
with hydrophobic domains which can crosslink at increased (physiological) temperatures via reverse
thermal gelation caused by an entropically driven aggregation of the hydrophobic blocks (e.g., triblock
ABA copolymers of A = poly(ethylene oxide) (PEO) and B = poly(propylene oxide) (PPO) [84]).
The controlled interpenetration of the networks prepared from these temperature-sensitive sol-gel
systems with a linear binding polymer component should be free of experimental difficulties as far as
several PEO-based semilPN systems have already been studied [85,86]. From this perspective, the
proposed hybrid-network concept was proved to provide the expected ability to manipulate easily
the material viscoelasticity with existing options on how to meet the specific requirements on flow
properties of materials used in contemporary CR applications.

Figure 8. Schematic representation of the proposed concept of use of semilPN hydrogels as controlled
release (CR) systems with tunable rheological and transport properties. (a) Gelling component (black)
with interpenetrating polyanion (green) possess universal binding affinity towards cations (red = free
cations, black = bound cations). (b) With increasing content of the gelling component, gel stiffness
and rigidity is increased with a negligible effect on the binding and diffusion of the cations. (c¢) With
increasing content of the interpenetrating component, number of binding sites is increased affecting the
transport properties of the gel with no effect on the mechanical properties. (d) Higher affinity of the
binding sites (such as those provided for organic ions by PSS as compared with ALG) enhance the
binding effectivity and shows more pronounced influence on the transport properties of the gel.

Furthermore, it was confirmed by the systematic diffusion-mapping assay that transport of the
carried compounds in the dual-component gels may be significantly influenced even by a trace content
of a suitable interpenetrating component (again, the schematic representation of the effect is provided in
Figure 8a,c). In the present work, we focused our attention on the molecular transport of Rhodamine 6G.
This model solute was used on the one side for its specific molecular structure combining the positive
charge on nitrogen atom with aromatic structural residues. This specific structural motif is common
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for numerous pharmaceutically active substances, e.g., for local anesthetics [47] or antibiotics [48].
Furthermore, well-described light absorption and emission behavior of R6G allows for the combination
of various spectrometric techniques in the investigation of its transport in the hydrogel matrix on a
different scale (macroscopic vs. microscopic scale). Results of experiments monitoring the diffusion of
R6G from a source solution into the gels containing PSS confirmed that increasing the content of the
interpenetrating component gradually suppresses the rate of R6G transport. In terms of the relative
decrease in diffusion coefficient compared to a respective agarose gel, for the gels with ratio 1:100 (PSS
to agarose) by weight, more than 90% decrease in diffusion coefficient was found for interpenetrated
poly(styrene sulfonate). No such great alteration of R6G mobility may be achieved by manipulating
the content of agarose itself, as was experimentally proved in our previous study [87]. Furthermore,
not only the diffusion rate but also the partitioning of the solute in the gel is influenced significantly
(more than a 10-fold increase in the partition coefficient was found in the case of PSS). Enhanced
partitioning of the active compound may significantly increase the loading capacity of the drug carrier
and consequently improve its pharmacokinetic profile [29]. On the other hand, a comparison of
diffusion-related behavior of the gels interpenetrated by ALG and PSS, respectively, confirms that the
degree to which the transport performance of the gel can be influenced is significantly dependent
on the type of interaction between the active substance and the binding component (schematically
represented in Figure 8a,d). In the case of ALG the binding of R6G is provided by the Coulomb
electrostatic attraction alone while in the presence of PSS, we assume the stacking of aromatic moieties
contributes to the binding significantly. This results in the fact that the extent to which the diffusion of
R6G is affected (or, more precisely, the levels of R6G concentration at which these effects are manifested)
differs significantly for the two interpenetrated polyelectrolytes.

Overall, on the example of prototype semilPN hydrogels (in particular those containing PSS),
it is illustrated that the transport properties of this type of hybrid network system may be altered
greatly without any significant influence on their internal morphology and, hence, independently on
their mechanical behavior. Furthermore, this strategy is not necessarily limited to the transport of
hydrophilic active substances. Recently, several approaches have been proposed for the modification
of hydrogels to provide controlled transport of water-insoluble solutes [88]. In our previous work, we
have developed and characterized hydrogel systems with hydrophobic domains formed by surfactant
micelles [89,90]. Controlled incorporation of such mechanically trapped hydrophobic domains in a
supporting structure-defining hydrogel network could open new horizons in an independent tuning
of mechanical and release behavior also for non-polar drug-releasing systems.

As was already noted, an additional merit of the present study is represented by the unique
methodology that was utilized in providing the morphological, rheological, and also transport
characterization of the studied hydrogels not only on the macroscopic but also on a microscopic scale.
It was confirmed that this original analytical approach is highly beneficial in explaining the causal link
between chemical composition, internal morphology, and mechanical and transport properties of the
gels. For instance, our results clearly illustrate how the oscillatory (macro-)rheometry is complemented
with the information provided by microrheometry in the completion of the overview of specific
contributions of the polymer network and the surrounding aqueous solution, respectively, to the elastic
and viscous components of the deformation response. Similarly, the involvement of a self-diffusion
assay on the scale of individual molecules in parallel to common macroscopic monitoring of the
diffusion of the same substance in the concentration gradient helps to explain how the binding of
individual molecules in their local environment affects the rate of their molecular transport. Of course,
the particular techniques described here do not represent the only and irreplaceable analytical option.
For example, alternative techniques suggested for microrheological characterization of hydrogels
include video microscopy [91] or fluorescence correlation spectroscopy [92]. Similarly, macroscopic
diffusion experiments with hydrogels are often performed in a diffusion cell apparatus [87] while
the self-diffusion of the solutes in the gels is commonly monitored via nuclear magnetic resonance
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(NMR) [93]. Nevertheless, a combination of the macroscopic and microscopic scale of the analysis in a
single study is still rather scarce.

Finally, for a reasonable discussion of deformation or transport performance of hydrogel materials,
it is always necessary to have at one’s disposal an analytical tool for mapping changes in the internal
structure of the gel. Here, we have shown that cryo-SEM imaging of the gels provides detailed
qualitative (and in combination with appropriate image processing techniques also quantitative)
structural information. As noted, some indicators of alteration of the internal structure by the
freezing artifacts can be found in our results. Nevertheless, this could be overcome e.g., by the
utilization of a more appropriate cryofixation technique such as high-pressure freezing [94]. Aside from
the direct visualization of the internal structure, our study also shows that valuable approximate
structural information can be achieved also from much more accessible techniques of indirect structural
mapping such as turbidimetry, rheometry, and additionally, for example, also differential scanning
calorimetry [95].

5. Conclusions

It this study, we have experimentally verified through the results of a complex multiscale analysis of
structure, viscoelastic, and transport properties of model agarose-based hydrogels with interpenetrating
polyelectrolyte components that the concept of semilPN gels containing an inert polymer network
interpenetrated by a linear polymer component with the properly selected binding functionality can
be successfully applied in the development of hydrogel materials with the ability of independent
manipulation of mechanical and transport properties. Such materials possess a great application
potential in controlled release systems, where one of the fundamental selection criteria for a suitable
material candidate is represented by agreeing the required viscoelasticity and release-kinetic properties.
In so far as this concept in general necessitates minimal requirements in the gelation procedure, it may
be easily implemented in diverse state-of-the-art approaches in hydrogel preparation. Therefore, we
believe that the presented work may become a stepping stone for a brand-new direction in the research
and development of hydrogel-based controlled release systems. Furthermore, the original analytical
approach designed and applied in this study is proposed as the methodological framework for these
follow-up studies providing complex insights into composition—structure-performance relationships
in developed hydrogel material.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/11/2561/s1,
Figure S1: Results of frequency sweep rheometry tests for various compositions of agarose-based hydrogels
presented as frequency dependencies of storage (a) and loss (b) moduli, respectively. Figure S2: Results of
frequency sweep rheometry tests for hydrogels with different contents of interpenetrating components—PSS (a,b)
and ALG (c,d)—represented by frequency dependencies of storage (a,c) and loss (c,d) moduli. Figure S3: Results of
frequency sweep rheometry tests for hydrogels with different contents of interpenetrating components—PSS (a,b)
and ALG (c,d)—represented by frequency dependencies of complex moduli (a,c) and phase angle (b,d). Figure
S4: Results of strain sweep rheometry tests for various compositions of agarose-based hydrogels presented as
frequency dependencies of storage (a), loss (b) and complex (c) moduli, and phase angle (d), respectively. Figure S5:
Results of DLS microrheometry tests for hydrogels with different contents of interpenetrating components—PSS
(a, b) and ALG (c,d)—represented by frequency dependencies of complex moduli (a,c) and phase angle (b,d).
Figure S6: Results of turbidimetry presented as log-log plot of turbidity vs. wavelength (between 700 and 800 nm).
Slope of the linear regression was used to calculate the effective mesh size according to Aymard [50].
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Abstract

Background: Experimental determination of the extent and rate of transport of liquid humates supplied to plants
is critical in testing physiological effects of such biostimulants which are often supplied as foliar sprays. Therefore,
an original experimental method for the qualitative investigation and quantitative description of the penetration of
humates through plant cuticles is proposed, tested, and evaluated.

Results: The proposed method involves the isolation of model plant leaf cuticles and the subsequent in vitro evalua-
tion of cuticular humate transport. The employed novel methodology is based on a simple diffusion couple arrange-
ment involving continuous spectrophotometric determination of the amount of penetrated humate in a hydrogel
diffusion medium. Prunus laurocerasus leaf cuticles were isolated by chemical and enzymatic treatment and the rate of
cuticular penetration of a commercial humate (lignohumate) was estimated over time in quantitative and qualitative
terms. Different rates of lignohumate transport were determined for abaxial and adaxial leaf cuticles also in relation to

the different cuticular extraction methods tested.

Conclusions: The proposed methodology represents a simple and cheap experimental tool for the study on the
trans-cuticular penetration of humic-based biostimulants.

Keywords: Diffusion, Hydrogel, Prunus laurocerasus, Liquid fertilization, Humic substances, Plant cuticle

Background

Foliar application of fertilizers and biostimulants has
become a popular method in the field of agronomy and
the plant nutrition since its first use in the early twenti-
eth century. Nowadays, foliar uptake of nutrients widely
complements standard root fertilizer treatments [1, 2].
Most aerial plant organs (leaves, stem, etc.) are long-
known to be able to take up nutrients from sprays [3, 4].
Transcuticular penetration into leaf tissues and sorption
on the leaf surface plays a key role in the foliar applica-
tion of nutrients [5-7], surfactants [8, 9] and different
types of pesticides [10-15].
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Bidirectional transport of diverse substances in and
out of plants is controlled primarily by the plant cuticle
[16], a membrane which covers the aerial plant parts and
forms the natural interface between plant organs and a
surrounding environment [17]. From a chemical point of
view, it can be considered as a heterogeneous composite
material which is formed by lipophilic components such
as waxes, water insoluble polymers cutin and/or cutan
and phenolic compounds like flavonoids, mixed together
with hydrophilic polar compounds such as polysaccha-
rides [18].

The cuticle plays its biological role principally as a
barrier to control the movement of gases, water and
solutes and to impart pathogen resistance [17, 19-21].
Furthermore, it protects a plant against abiotic factors
such as rain, frost and ultraviolet light [21, 22], and also
against adverse biotic impacts of insects, pests, myco-
sis, etc. [20, 23]. Naturally, as the correct functioning
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of plant cuticles is crucial for the well-balanced uptake
of nutrients, minerals, adjuvants, or for plant growth
preparation, cuticle-penetration experiments as well as
laboratory studies of the structural physico-chemical
properties of cuticles are an essential part of plant-
nutrition research.

For more than 50 years, scientists have continuously
been focusing their experiments on the penetration of
active compounds through plant cuticles, or on their
adsorption on the cuticle surface [3, 24]. For the pur-
pose of the experimental determination of the extent and
rate of foliar absorption of a nutrient, several techniques
directly involving intact leaves were tested, e.g. dipping,
brushing, sticking, spraying, or the droplet method [3].
However, attention has gradually been paid also to exper-
iments performed with cuticles in an isolated form. The
first successful attempts at cuticle isolation were made
by Orgell, who developed a method based on the treat-
ment of leaves by pectinase [25]. A chemical alternative
to this enzymatic method is isolating cuticles with zinc
chloride as introduced by Holloway and Baker [26] and
further utilized by Solel and Edgington [10, 27, 28]. Vari-
ous experimental settings have been used for cuticular
permeability trials, such as a sole transpiration cham-
ber [29], a side-by-side transport chamber, in which the
cuticle is located between two compartments filled with
donor and receptor solution [24], or a tube-in-tube setup,
where the cuticle is affixed on the opening of small tube
filled with deionized water and submerged in the larger
tube with a donor solution [30].

Either in experiments performed with intact plant
organs or with those utilizing isolated plant cuticles,
another crucial step in the development of a particular
methodology for studying foliar absorption is the use of
an analytical method for the quantification of the cuticle-
permeating compound. Foliar uptake of inorganic com-
pounds has been often studied by means of radioactive
isotope methods, where different radioactive isotopes
of elements are used e.g. '*C [30, 31], 3P [32-35], ’K
or ®Ca [36], or #Rb, Ca, %°Cl and **S [37]. Radionu-
clide assays have also been utilized successfully in foliar
absorption studies of organic compounds such as urea
[30] and atrazine [11]. Among other methods for study-
ing the foliar uptake of organic molecules, HPLC was
used to determine the quantity of the organic dye Congo
Red and fungicides on the leaf surface [38]. Another
experimental approach is based on tracking the penetrat-
ing compounds indirectly by observing their effects. This
approach was used, for example, by Solel and Edging-
ton [10] or, more recently, by Zelena and Veverka [13],
who studied the rate of the transcuticular movement of
fungicides by measuring the propagation of inhibitory
zones in agar gel fed with a fungus sensitive to the tested
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fungicide. The fungicide was always applied on top of the
cuticle, placed in the center of the agar-filled Petri dish.

Humic substances are complex organic mixtures that
fulfil a range of important functions in ecosystems and
that are essential for their proper functioning. They rep-
resent an essential fraction of the natural organic matter
of soils, peats, and young coals. In a dissolved form, they
can also be found in aquatic systems such as rivers and
lakes. A growing understanding of the positive effects of
the presence of humic substances in their natural habitats
has motivated the preparation of commercial products
based on isolated natural or artificially synthesized humic
substances. Positive impacts of the utilization of humic-
based soil amendments on the chemical [39, 40], physi-
cal [41, 42], and microbial [43] fitness of soils have been
thoroughly documented. Apart from the application of
humic-based materials into soil, the foliar application
of soluble humates has gradually become a popular way
of application as well. This was initiated by numerous
reports on the biostimulant effects of humates, namely
on the effect on plant growth [44, 45] and nutrient uptake
[46], hormone-like [47, 48] and enzyme-promoting
effects [49, 50], as well as some effects enhancing pho-
tosynthesis and seed-germination [51, 52]. In particular,
in greenhouse experiments using cuttings and young
olive plants, Fernandez-Escobar found foliar-applied
humic substances extracted from leonardite to have an
effect on olive growth [53]; the tested leonardite extracts
stimulated shoot growth and promoted the accumula-
tion of elements in leaves. Maibodi et al. suggested that
foliar application of humic substances might be of benefit
with respect to enhancing nutrient uptake, root develop-
ment, and drought resistance in ryegrass [54]. In addi-
tion, Bettoni [55] showed that a combination of foliar and
immersion methods represented the most effective way
of applying humic substances originating from leonard-
ite, as far as the tested onion bulb yield and quality was
concerned.

However, there is raising debate concerning the gener-
ally accepted beneficial effects of commercial humates in
agriculture. Olk et al. [56] and Rose et al. [57] reviewed
information on the benefits of using humic preparations
in agriculture and stressed still ambiguous results. Simi-
larly, Lyons and Genc [58] has pointed out that there is
a surprising lack of evidence regarding the effective-
ness of the on-farm application of humates, the findings
concerning their beneficial effects being inconsistent.
Among other recommendations, these authors call for
a comprehensive physico-chemical characterization
of humates and for a careful assessment of the mecha-
nism of their foliar action. Thereby, the experimental
determination of the rate of absorption and transport of
humate solutions applied to plants also as foliar sprays
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is critical as preliminary step for assessing their biologi-
cal effects. Recently, some attempts have been made in
describing the root pathway of the humate absorption.
For instance, Kulikova studied the uptake of leonard-
ite humic substances by plant root and its transport and
spatial distribution among the plant tissues using micro-
autoradiography [59]. Nevertheless, as yet, no experi-
mental procedure has been proposed for a systematic
assay of the transcuticular uptake of humates. The aim of
this paper is hence to introduce an original in vitro tech-
nique as a simple experimental option for this task. The
proposed method enables the investigation and quanti-
tative description of the penetration of humates through
the plant cuticle via spectrophotometric monitoring of
the diffusion of humates through an isolated plant cuticle
fixed between a donor and an acceptor agarose hydrogels
forming the common diffusion couple arrangement. The
basic design of the method follows on from our previous
work [60, 61]. The usability of the technique was tested
on artificial lignohumate as a model commercial prod-
uct and on cuticles obtained by enzymatic and chemical
means of isolation.

Materials and methods

Isolation and characterization of cuticles

Leaf cuticles were isolated by two different methods
(chemical and enzymatic) as described previously [10,
25]. In both cases, plant cuticles were isolated from
Prunus laurocerasus (see “Results” and “Discussion”).
Firstly, undamaged, young, fully-expanded leaves were
immersed in distilled water. For the every plant leaf, the
leaf blade (the lamina) was carefully cut off by scalpel
from the other leaf parts (veins, petiole). In the case of
enzymatic isolation, the lamina was then immersed into
the isolation solution consisting of citric buffer (0.1 M
and pH 3.5), supplemented with 2.5 wt% of pectinase
from Aspergillus niger (>1 units/mg, Sigma-Aldrich),
2.5 wt% of cellulase from Trichoderma logibrachiatum
(>1 units/mg, Sigma-Aldrich) and 0.25 wt% of sodium
azide (p.a., Sigma-Aldrich). After 6 weeks, the leaf tis-
sue, including isolated cuticles, was placed in distilled
water and degraded mesophyll was gently removed by
brushing. The chemical isolation procedure differed only
in the composition of the isolation solution, i.e. 60 wt%
zinc chloride (>97%, Sigma-Aldrich) dissolved in con-
centrated hydrochloric acid (35%, Penta), and the shorter
time duration of the chemical treatment (3 days).

Plant cuticles isolated by both the above mentioned
methods were characterized by optical microscopy
(Olympus IX71, objective Olympus PLN, magnification
20x, numerical aperture 0.40), by which differences in
abaxial (stomatous) and adaxial (astomatous) cuticles
were compared and the average radius of stomata was
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determined (for the optical microscope images of the
cuticles, see Fig. 1). Optical microscopy was also used
in order to eliminate physically damaged cuticles. The
morphology of isolated plant cuticles, especially aver-
age cuticle thickness and roughness, was determined by
mechanical profilometer (DEKTA kXT, Bruker). VISION
64 was used as the control software and the pressure
value of the stylus was set at 3 mg.

Preparation of hydrogels

All hydrogels used in this work were prepared via the
thermoreversible gelation of agarose (< 10% moisture con-
tent, Sigma-Aldrich). These hydrogels acted as support-
ing matrix in which diffusion experiments on the active
compound were performed. Lignohumate A was kindly
provided by the Amagro (Prague, Czech Republic) and
used as model active compound. It represents a commer-
cial mixture of potassium humates and fulvates prepared
by hydrolytic-oxidative conversion of technical lignosul-
fonates under strictly controlled conditions [62, 63]. The
method of preparation of hydrogels is described in detail
in our previous studies [60, 64]. Donor hydrogels contain-
ing 1 wt% agarose with the addition of 1 wt% potassium
lignohumate (Lignohumate A) dissolved in distillated
water and acceptor hydrogels consisting of only 1 wt%
agarose were prepared in PMMA cuvettes (dimensions
10 x 10 x 45 mm). The thermoreversible gelation of aga-
rose took place at ambient temperature and 100% relative
humidity for at least 45 min. After the gelation process was
completed, excess gel mass above the cuvette edge was cut
off by scalpel for all prepared hydrogels. This provided a
flat gel surface that allows even contact with the cuti-
cle and with the second hydrogel in the diffusion couple
arrangement (see below). This arrangement was obtained
in the way that every single isolated plant cuticle was care-
fully placed between the donor and acceptor hydrogels and
the contact area of both cuvettes was isolated from sur-
roundings by parafilm to prevent unfavorable drying.

Diffusion experiments

Both abaxial and adaxial cuticles isolated by the two dif-
ferent isolation methods (chemical and enzymatic) were
subjected to diffusion experiments. As can be seen in
Fig. 2, the diffusion couple was formed by two agarose
hydrogels—a hydrogel with an homogenously dispersed
humate inside (i.e. the donor hydrogel) and a hydrogel
with no initial content of the humate (i.e. the acceptor
hydrogel)—and the isolated cuticle separating the two
gels. As the humate can move freely inside the agarose
matrix, it penetrates the cuticle and flows across the con-
centration gradient from the donor to the acceptor gel.
These diffusion experiments were performed with 10
repetitions for abaxial and adaxial cuticles, respectively.
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Fig. 1 Optical micrographs of the isolated cuticles. Adaxial (a, ¢) and abaxial (b, d) cuticles isolated by chemical (a, b) and enzymatical (c, d)
methods, respectively

5cm
donor gel

@ cuticle

5cm
acceptor gel

L
Q% &
Iem ™

Fig. 2 Schematic drawing of the diffusion couple arrangement (individual parts are shifted for clarity) (a). Picture of the diffusion couple at the
beginning of the experiment (b)

During the diffusion experiments, all the diffusion cou- Experimental conditions—in particular, relative humid-
ples were placed in a closed container above water level ity (100%) and temperature (25 °C)—were held constant
(to maintain constant humidity of the surroundings). during the whole experimental period.
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The transport of lignohumate through the plant cuticle
into the acceptor hydrogel was measured by a UV-VIS
spectrophotometry (Varian Cary 50). At selected time
intervals, the cuvettes were taken out and UV-VIS spec-
tra of lignohumate in acceptor hydrogels were collected
at distances from the hydrogel-cuticle interface ranging
from 3 to 40 mm (with 1 or 2 mm increment in distance
depending on the actual rate of the color change). The
measurement of UV-VIS absorbance at different dis-
tances from the interface was performed by means of a
special in-house made accessory providing controlled
fine vertical movement of the cuvette in the spectropho-
tometer (see [65] for more detail and picture of the used
cuvette holder).

Results
Isolation and characterization of cuticles
Two methods of cuticle isolation were tested. The main
advantage of the enzymatic method is the use of less
harmful isolation agents. The procedure is, therefore,
more user-friendly and suitable for routine laboratory
use. Furthermore, the presence of any structural arti-
facts arising from chemical damage to the cuticle is less
likely than in the case of more drastic chemical treatment
in hydrochloric acid. On the other hand, the enzymatic
method is significantly more time-consuming in compar-
ison with chemical isolation. In our study, however, both
techniques resulted in the isolation of cuticles which were
strong and easy to manipulate. Optical microscopy was
used in order to exclude mechanically damaged cuticles,
to distinguish between abaxial and adaxial cuticles, and
to sort them for use in subsequent diffusion experiments.
Furthermore, microscopical observation of the cuticles
also revealed some interesting differences in the efficiency
of the two isolation methods. Apparently, chemical treat-
ment of the leaves led to the more efficient removal of
cell debris as compared to the enzymatic procedure (see
the black spots on the micrographs shown in Fig. 1). This
finding corresponds well with general differences in cuti-
cle thickness for the two isolation methods as revealed
by profilometry, i.e., it was found that the thickness was
always greater for enzymatically isolated cuticles (see
Table 1). Anyway, both types of cuticles (i.e. chemically
and enzymatically isolated ones) were included in the next
step of the testing of the proposed methodology, i.e. in the
diffusion couple experiments with agarose hydrogels.

Diffusion of lignohumate through the cuticles

The main experimental core of the proposed diffusion
methodology is based on our previous studies [60, 61, 65,
66]. Generally, as far as the experimental study of molec-
ular diffusion is concerned, hydrogels represent a highly
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Table 1 Basic morphological characteristics of the isolated
cuticles

Avg. cuticle
thickness (um)

Avg. dimensions
of stomata (um)

Chemically isolated

Abaxial 44+12 14 x7

Adaxial 55403 -
Enzymatically isolated

Abaxial 6.7+20 12x5

Adaxial 9.2+09 -

beneficial material form. In the gel phase, the diffusion
flow of a solute is not disturbed by thermal or mechani-
cal convection such as in liquid solution. Furthermore, a
hydrogel sample of precisely defined shape and dimen-
sions can be prepared, which enables correct description
of the diffusion flow by quantitative parameters such as
diffusion coefficients. In the current experiments, a sim-
ple diffusion couple arrangement was used [24, 67].

In order to evaluate this technique, the diffusion of
lignohumate—a model artificial humate—was studied
using the above-described experimental arrangement.
The composition, structure, and physico-chemical prop-
erties of lignohumate are discussed in detail elsewhere
[63, 68], as well as its biological effects [69, 70]. For our
purposes, the main practical benefits of using lignohu-
mate as a model humic biostimulant are its very high
water solubility, low molecular size, and reproducible
means of preparation, the latter resulting in a stable and
standardized structure with standardized properties.

In Fig. 3, the movement of the dark-brown-colored
lignohumate through the cuticle and its subsequent dif-
fusion into the optically transparent agarose gel can
be observed visually. It is evident how the local con-
centration of lignohumate and its depth of penetration
increases with time and that the adaxial and abaxial cuti-
cles show large differences in their barrier properties.
As expected, the rate of diffusion is higher in the case of
abaxial cuticles. The explanation is straightforward; iso-
lation of stomateous cuticles results in membranes with
freely permeably holes of several microns in size (guard
cells which protect stomata against penetration are lost
during the isolation). The penetration of lignohumate
through these membranes is therefore controlled by the
size and density of the holes and by the rate of free diffu-
sion of lignohumate in solution rather than by the barrier
properties of the neighbouring lipophilic cuticle area.

In addition, visual evaluation of the concentration of
lignohumate in acceptor gels indicates a higher diffusion
rate in the case of chemically isolated abaxial cuticles as
compared to enzymatically isolated ones. For the adaxial
cuticles, the differences were less pronounced. This can
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b) and enzymatical (¢, d) methods of cuticle isolation

Fig. 3 Diffusion couples after 7 days of experiment. Comparison of diffusion progress for adaxial (a, ¢) and abaxial (b, d) cuticles and for chemical (a,

be explained by the already mentioned outcomes of the
structural analysis of the cuticles. Enzymatically isolated
cuticles are thicker and mainly exhibit higher levels of
contamination by debris from the leaf. It is likely that in
the case of enzymatically isolated cuticles stomata are
partially blocked by leaf debris and, consequently, con-
tribute less effectively to the transport of lignohumate.

Quantitative description of the transcuticular transfer

of lignohumate

Figure 4 shows example of the set of UV-VIS spectra
collected at various positions in acceptor hydrogel that
illustrates uneven distribution of lignohumate in the gel.
It should be noted that each recorded spectrum (shown
as the apparent absorbance vs. wavelength) is actually
formed by the combination of two separate contribu-
tions—the turbidity of the hydrogel caused by light scat-
tering on the solid agarose matrix and light absorption
by the dissolved humate in the aqueous phase of the gel.
While the former contribution was homogenous and
constant for all the measured gels (ie. it changed nei-
ther with time nor with location in the gel), the latter
depended on the actual concentration of the humate at
a particular time and at a particular point in the gel. In
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Fig. 4 UV-VIS spectra measured at different positions in the acceptor
gel (adaxial chemically isolated cuticle, after 96 h). Spectra were taken
in 2 mm increments of distance from the cuticle

order to calculate the concentration of lignohumate from
the respective UV-VIS spectrum, we also measured the
spectra of reference samples of agarose gels in which the
exact concentration of homogenously distributed ligno-
humate was achieved by dispersion of a known amount
of lignohumate in the agarose solution before its gelation.
It is also evident from Fig. 4 that lignohumate provides a
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continuous absorption spectrum covering a wide range of
wavelengths instead of any separate absorption peak. This
is a spectroscopic feature typical of humic substances and
is the result of their complex structural nature. Therefore,
we used a multiple calibration approach in which the
concentration of the lignohumate was determined as an
average of the values calculated for three different wave-
lengths (600, 700 and 800 nm). In this way, the concen-
tration profiles of lignohumate in the particular acceptor
gels were determined (see Fig. 5).

As can be seen from Fig. 5, the concentration profiles
confirmed all above mentioned visual observations. The
concentration of lignohumate at a given distance in the
acceptor gel was significantly higher when the lignohu-
mate penetrated through an abaxial cuticle. While enzy-
matically isolated abaxial cuticles had lower penetration
rates than chemically isolated ones, no such significant
difference was found for adaxial cuticles. The concentra-
tion profiles were also subjected to further mathemati-
cal processing in order to calculate the total amounts of
lignohumate accumulated in the acceptor gels. For this
purpose, we fitted the experimentally derived concentra-
tion profiles using the following relation
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Fig. 5 Concentration profiles of lignohumate in the acceptor gel of
the diffusion couple a after 96 h of diffusion through abaxial, and b
after 168 h of diffusion through adaxial cuticles
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A-erfe(Z
= C(B) (1)
where c is the concentration of lignohumate in mg; /g,
at distance x from the gel-cuticle interface, and A and
B are the fitting parameters. The complementary error
function erfc is a non-elementary function of sigmoid
shape that generally occurs in non-stationary diffusion
equations [71]. The fitting of experimental data was per-
formed by non-linear least square regression using the
Solver tool in Excel (Microsoft). With the known fitting
parameters A and B at given time ¢, the total diffusion
flux of lignohumate across unit area 7 (in g ;/m? can
easily be determined from the integration of Eq. (1) in the
range x = 0 to x = oo, which leads to the relation
A-B
n(t) = pPgel - ﬁ 2)

where the density of the gel (pge|) was substituted by the
density of pure water for simplicity because of the very
low dry matter content of the gels (approximately 1 wt%).

For the non-stationary Fickian diffusion of a solute in
a composite medium, the total diffusion flux n increases
linearly with the square root of time. As can be seen in
Fig. 6, the linearity of this dependency was confirmed
for the diffusion of lignohumate through all forms of the
tested cuticles (for the comparison, the results of ligno-
humate diffusion in absence of any cuticle is shown in
Fig. 6a as well). In the case of abaxial cuticles, the linear
regression of the function n =f (ﬁ) crosses the ori-
gin of coordinates. In other words, lignohumate pen-
etrates abaxial cuticles instantaneously. This confirms
that the stomata on the abaxial side of the leaf, after the
removal of the guard cells during the isolation process,
represent freely penetrable parts of the cuticle. In con-
trast, the x-axis intercept of the function n = f (ﬁ) for
adaxial cuticles is shifted to significantly higher times.
From the intercept, the time needed for lignohumate to
penetrate the cuticle (usually called the lag time) was cal-
culated. For both types of adaxial cuticle, quite high lag
times were determined. This confirms that in the case of
adaxial cuticles molecular transport takes place over a
much more tortuous pathway. It is also further evidence
that neither of the isolation procedures led to significant
mechanical damage to the cuticles in the form of cracks
or ruptures.

It was found that while lignohumate needed about 60 h
to penetrate enzymatically isolated adaxial cuticles, this
lag time increased to about 80 h in the case of chemi-
cally isolated ones. Interestingly, after the penetration
of the cuticle was complete, the trend was reversed—the
amount of lignohumate transported into the acceptor gel
increased more rapidly in the case of chemically isolated
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cuticles compared to enzymatically isolated ones. It is
not possible to propose a reasonable explanation for
this phenomenon just from the basic structural analy-
sis of cuticles performed in this work, a comprehensive
chemical assay of the isolated cuticles would be necessary
for a detail discussion of these results (see “Discussion”
section).

Discussion

The urgent need for an assembly of methods for a sys-
tematic study of foliar action of humates was claimed
recently [58]. To contribute to this complex task, we
hereby propose a simple experimental method for a
quantitative description of permeability of plant cuticles
for liquid humates. The main aim of the present work
was to devise and to verify the usability of the proposed
methodology.

We are well aware that the proposed experimental
approach suffers several general limitations. First of all,
the method is based on isolated plant cuticles. Taking
into account that isolation of large-sized cuticular mem-
branes is only successful with few species and that the
resulting isolates may differ significantly in their structure
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and chemical composition [72], even the choice of suit-
able plant becomes a non-trivial issue. In the current
work, we proposed and tested Prunus laurocerasus as a
source plant. The selected plant may not have any direct
agricultural relevance as far as the foliar application of
humates is concerned. Rather, its choice was based on
specific experimental demands with respect to the uni-
versality and reproducibility of the developed methodol-
ogy. The main requirements were as follows: there had to
be adequate availability of the plant (both seasonal and
regional); the method of cuticle separation had to be
simple and reproducible; and the isolated cuticles had to
exhibit suitable mechanical properties. From this view-
point, Prunus Laurocerasus was chosen as a suitable can-
didate. Nevertheless, a proposal of an alternative plant
with a specific relevance in current agricultural use of
humic-based foliar formulations is highly welcome.

Another issue, which must be considered, is represented
by possible artifacts brought by the process of cuticle isola-
tion. Results of optical microscopy and profilometry con-
firmed higher efficiency of chemical removal of cell debris
as compared to the enzymatic treatment. It can be expected
that the presence of residual cell debris on the cuticle sur-
face will negatively influence the accuracy of any experi-
ments mapping barrier properties. From this point of view,
the results of the structural characterization of the obtained
cuticles support the choice of chemical method of isola-
tion. On the other hand, it is likely that more adverse condi-
tions employed during the chemical isolation treatment will
result in more severe alteration of chemical composition of
the isolated cuticles. It was suggested by several research-
ers [4, 73], that the isolation can induce changes in chemi-
cal structure of the cuticular membrane which may lead
to the results of permeability studies different from those
performed with intact leaves. Also our results (different
permeability of chemically and enzymatically isolated) are
consistent with this suggestion. As far as the importance of
polysaccharides in the chemical structure of cuticle has been
recently highlighted [74-76], it is likely that the observed
differences in the barrier properties of the two types of
cuticular isolates may be caused by hydrolysis of the cuticu-
lar polysaccharides during the acid treatment. Furthermore,
potential influence of the isolation methods on the wax
compositions of cuticles cannot be discarded. Therefore, a
comprehensive chemical assay of the isolated cuticles is still
needed before a definite choice of the most appropriate iso-
lation procedure. Alternatively, a compromise between the
two methods could be achieved by supplying the more user-
friendly enzymatic method of isolation with a subsequent
step of cuticle purification (e.g. treatment with chloroform
or another organic solvent [19, 77].

Moreover, it was clearly demonstrated that the relevant
information on the in situ barrier performance of the



Smilkova et al. Plant Methods (2019) 15:83

cuticle is given only when the astomatous cuticular mem-
branes are used. In the case of stomatous membranes, no
information is obtained about the stomatal penetration
pathway, because the guard cells, which control opening
and closing of the stomata in the intact plant, are lost dur-
ing the isolation process. As far as several authors have
stressed the general importance of this entry route [78,
79], stomatal absorption of humic substances remains to
be an important issue for the future experimental con-
cern. Nevertheless, since the liquid foliar formulations
are usually primarily supplied to astomatous adaxial sides
of leaves, we consider the model of transcuticular diffu-
sion using this type of isolated membrane reasonable.

It is worth highlighting that the experimental arrange-
ment of the diffusion experiment (diffusion couple with
almost constant concentration of the solute in the donor
compartment) has no ambition to simulate the real con-
ditions during the foliar feeding process, where the solute
concentration is changing dramatically in time by the evap-
oration, washing out by rain etc. Its application is aimed
to answer the specific research questions concerning pen-
etration of humic-based substances into leaves, such as the
characterization and comparison of permeability of cuticles
of different species to the single tested humate or the bar-
rier properties of a specific cuticle against humic-based
solutes of different size or solubility. It provides informa-
tion on an upper limit of the rate of diffusional transport
through cuticle. As was illustrated on the presented data,
the barrier properties can be easily quantified. In this work,
we used just the temporal development of the total diffu-
sion flux for the quantification purposes. Nevertheless, if
some additional experimental parameters were provided
(e.g. the equilibrium amount of solute absorbed by the
receptor compartment), it would be possible to calculate
also further quantitative transport parameters, such as per-
meances or diffusion coefficients. The mathematical appa-
ratus for these calculations are well described [71, 80]. On
the basis of these parameters, barrier performance of cuti-
cles against humic substances and other solutes (nutrients
etc.) can be directly compared. Moreover, this applies also
to comparison of the barrier properties of different types
of membranes; permeability of a specific humate through
a cuticle can hence be compared to the values obtained for
different synthetic membranes etc.

Conclusions

The results of the performed diffusion experiments
revealed usability of described methodology for the
study on the transcuticular transport of humic-based
biostimulants. The proposed methodology represents a
simple and cheap experimental tool. Nevertheless, the pen-
etration experiments provide only one part of the overall
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perspective on all processes which take place in a collective
manner when the humate penetrates the cuticle from the
liquid product into the leaf. One crucial separate process
which deserves more detailed description is the adsorp-
tion of the humate on the cuticle surface. The assessment of
such parameters as the total adsorption capacity and sorp-
tion isotherm, or an explanation of the sorption mecha-
nism and kinetics would lead to a better understanding the
specific effects and modes of operation of humate-based
biostimulants after their application on plants.
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1. Introduction

The incorporation of potentially toxic metals into natural systems
through industrial activities, such as metal mining, smelting and re-
fining, fossil fuel combustion, atmospheric deposition, the land appli-
cation of sewage sludge and industrial by-products, gasoline processing,
and fertilization pose a great threat to the environment and human
health. After combining with soil particles, heavy metals can persist in
soils, resulting in harmful effects on biota. Such metals may be accu-
mulated in the food chain, leach out of soils to pollute groundwater
supplies or accumulate in plants, shrubs and trees [1-4]. A better un-
derstanding of soil and water pollution, as well as the factors control-
ling the retention and release of metal ions in nature is required. Many
pollution problems involve such simultaneous processes as water flow,
multicomponent solute transport, heat transport and biogeochemical
processes and reactions. Models integrating various processes can be
valuable tools for investigating the mobility of a wide range of in-
organic and organic contaminants subject to different hydrologic and
geochemical conditions [5]. The important process affecting the beha-
vior of metal ions in natural systems is their complexation with soil
components, which can involve the sorption of metal ions from the li-
quid phase (e.g. soil solution) onto solid particles, the immobilization of
metals in the solid phase, and the complexation of metal ions with
dissolved organic matter. The mobility of metal ions in soils is related to
the partitioning between the soil solid phase and the solution phase,
defined usually as the distribution coefficient [4,6]. Therefore, the
sorption of metal ions on solid humic particles has been extensively
studied by many authors (e.g. [7-10]).

Martyniuk and Wieckowska [7] compared the ion exchange capa-
cities of solid and gel forms of humic acids. They showed that the
binding of metal ions by the gel form was higher in comparison with the
adsorption on solid humic particles. This finding was later supported by
our previous results, which showed the presence of significant amounts
of free mobile metal ions and weakly-bonded metal ions in ion-ex-
changeable mode, these contributing to an increase in the total amount
of bonded metals [11-13]. In contrast, metal ions adsorbed on solid
humic particles are mainly in form of stable metal-humic complexes
and their amount is lower [14]. Similarly, Cao et al. [15] and Garcia-
Mina [16] obtained a negative relationship between the stability con-
stant of metal-humic complexes and the binding capacity of active sites
and the metal humic ratio. Alvarez-Puebla et al. [8] studied the re-
tention mechanism of Co(II), Cu(Il) and Ni(II) ions. Their results
showed that 2:1 complexes were formed at low concentrations. This
structural coordination was energetically favored due to the chelate
effect. The increase in metal concentrations caused an increase in the
metal:humic ratio and metals occupied most of the surface active sites.
In addition, the authors stated that high concentrations of metals pre-
served the 3D structure of humic acids. Our results confirmed that only
a portion of metal ions are bonded with humic acids through carboxylic
or phenolic groups and that other binding sites contributed to the total
amounts of adsorbed metals [9]. Antonelli et al. [17] distinguished
between specific binding sites (carboxylic and phenolic ones) and non-
specific binding sites in humic substances. Baker and Khalili [18]
identified four binding sites for chemical interactions between metal
ions and humic acids. Shaker and Albishri [10] indicated three types of
binding sites with different adsorption capacities. In contrast to other
works, they presumed mainly the existence of physical adsorption
which was diffusion controlled.

The mobility of metal ions in soils depends on the combination of
several factors, including the nature of the metal, its concentration,
environmental factors, and soil components. These factors determine
the soil solution-solid phase equilibrium of metals through the me-
chanisms of sorption-desorption and dissolution-precipitation [19-21].
Bryan et al. [22] stated that metal ions in a non-exchangeable mode had
a significantly higher mobility than those in an exchangeable mode.
Metal ions in an exchangeable mode are strongly bound, but they may
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dissociate from the humic substance and be immobilized by a stronger
binding site on the surface. The sorption may significantly reduce the
mobility. Lippold et al. [23] assessed the mobility of contaminant me-
tals in transport systems with humic substances. They emphasized the
influence of kinetic effects on stabilization processes leading to an in-
crease in strongly humic-bonded metals. Chakraborty et al. [24] studied
the dynamics of metal complexes and their diffusion in the presence of
humic substances. They discovered that the interactions of Cu and Ni
with humic acids are stronger than their interactions with fulvic acids
and natural organic matter. They indicated that labile complexes were
formed with different binding sites with diverse binding energies in
humic substances. Labile Ni complexes were small [24,25] with very
fast diffusion rates which corresponded with Ni bioavailability. The
diffusion coefficients of labile Ni complexes were very similar to those
of free Ni(II) ions. In contrast, the diffusion coefficients of Cu complexes
were similar to those of humic substances or natural organic matter
presented in studied systems and their diffusion rates were lower [24].
Comparing these findings with our previous work [26], we can see that
the diffusion coefficient of Cu(Il) ions in humic hydrogels was higher
than the diffusion coefficients of Ni(II) and Co(II). Differences can be
explained by the much higher content of diffusing metal ions in humic
hydrogels (an excess concentration in relation to humic binding sites)
resulting in high amount of free mobile ions. Kostic et al. [27] de-
termined the binding strength of heavy metals bound to humic acids.
Their results confirmed the high stability of metal humic complexes in
the order Cu(Il) > Ni(II) > Co(II), which indicated that in conditions
of increased amounts of metal ions in the natural environment, these
metal ions may be preferred and can thus indirectly increase the mo-
bility and bioavailability of other metal ions. Furukawa and Takahashi
[28] investigated the effect of complexation with humic substances on
the diffusion of metal ions in aqueous solutions. Their results showed
that the diffusion of each ion lost its characteristics by complexation
with humic substances due to their large molecular weight. This is in-
compatible with results published in [24], which indicated that the
diffusivities of Ni complexes were very similar to those of free Ni(II)
ions.

The diffusion behavior of metal ions described above was studied by
different authors using different methods. In general, diffusion can be
sensitive to the concentration of diffusing particles, the properties of the
diffusion medium, and (potential) chemical interactions. Therefore, the
obtained discrepancies are not surprising. They are a result of differ-
ences in many factors concerning the realized diffusion experiments.
We decided to study the transport of metal ions in humic hydrogels by
means of the diffusion couple method [29-32]. In order to determine
the concentration dependence of the diffusion coefficient, experiments
were performed using three different initial contents of metal ions.

2. Material and methods
2.1. Humic acids

Humic acids were isolated from lignite mined in the Czech Republic
(South Moravia). The sample was extracted in the ratio of 30 g of lignite
to 1dm® of extraction agent - a mixture of 0.5M NaOH and 0.1 M
Na4P,0, (1:1). The obtained suspension was stirred at laboratory
temperature (25 °C) overnight. The solid part was removed by cen-
trifugation and extracted again for 60 min. Both leaches were mixed,
acidified using concentrated HCl up to a pH value close to 1, and left in
the refrigerator overnight. Precipitated humic acids were centrifuged
(4000 rpm, 15 °C), washed repeatedly with deionized water until free of
chlorides, and dried in an oven at 50 °C.

The ash and moisture contents of the prepared humic sample,
measured by means of thermogravimetry (TGA Q5000), were equal to
11.0% wt. (ash) and 5.7% wt. (moisture).

The elemental composition of humic acids was determined by
means of Euro EA CHNO Elemental analyser. The total acidity of the
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Table 1
Elemental composition and total acidity of humic acids (normalized on dry ash-free
sample).

C (at.%) H (at.%) N (at.%) O (at.%) total acidity (mmol g~ %)

39105 38404 1105 214 =*04 09.0=04

extracted humic sample was determined by the standard titration
method [9,12,33-35]. These traditional characteristics are listed in
Table 1. More details on their chemical structure can be found in our
previous works [11,14,21,33,35,36].

2.2. Humic hydrogels

The powdered humic sample (8 g) was dissolved in 0.5M NaOH
(1 dm®) and then acidified with concentrated HCl up to a pH value close
to 1. The precipitated humic hydrogel was repeatedly centrifuged
(4000 rpm, 15°C) and washed with deionized water until free of
chlorides. The dry matter of the prepared hydrogel was 10.1% wt. The
pH value of prepared hydrogel was 3.81 + 0.07.

2.3. Diffusion experiments

A diffusion couple was created by connecting cylindrical glass tubes
filled with humic hydrogel containing metal ions and pure humic hy-
drogel without metal ions (see Fig. 1). The left side of the humic couple
was the source of metal ions diffunding through the diffusion interface
into the right side representing their acceptor.

The hydrogel was gently packed into the individual tubes in order to
fill their entire volume. First, metal ions were incorporated into the
humic hydrogel. Tubes 1-5 were placed into the stock solution of metal
ions until the achievement of equilibrium and a homogeneous dis-
tribution of metal ions in the hydrogel (3 days). Solutions of CoCl,,
CuCl,, and NiCl, were used. Their initial concentrations were 0.05, 0.1
and 1moldm ™3, respectively. The total amount of metal ions in the
diffusion source was determined on the basis of the decrease in the
concentration of the stock solution.

Then, the tubes were connected together. Due to the sufficiently
strong consistency of the hydrogel, no deformations of the interfaces in
the diffusion couples were observed. The connected tubes were stopped
with parafilm and aluminium foil to prevent the hydrogel drying. The
durations of the diffusion experiments were 10, 24 and 72 h. After the
given time the tubes were disconnected and metal ions were extracted
separately in 1 M HCI solution. This procedure was developed in our
previous studies and is described in detail there e.g. [26,32,37].

The concentration of metal ions in leaches was determined by
means of UV/VIS spectroscopy (Hitachi U3900H). The obtained data
were used to compute the concentration profiles of metal ions in the
tubes and diffusion fluxes (the total amounts diffused in the acceptor
part of the couple at given times).

All experiments were performed at laboratory temperature
(25 * 1°C) and in triplicate. Data are presented as average values with
standard deviation bars.

hydrogel with metal ions

| |

pure humic hydrogel

diffusion interface

Fig. 1. Scheme of diffusion couple.
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Fig. 2. The initial concentrations of metal ions in humic hydrogel (the donor part of the
diffusion couple).

3. Results and discussion

Differences in the diffusion behavior of metal ions were observed
already in the preparation of the donor parts of the diffusion couples.
The donor part was doped with metal ions by means of their diffusion
from the stock solution into the humic hydrogel in the glass tubes.
Three different initial concentrations of stock solution were used. As we
can see in Fig. 2, the initial concentrations of metal ions in the hydro-
gels differed, the differences increasing with the increasing concentra-
tion of the stock solution. The lowest initial concentrations were de-
termined in the case of Ni ions. Cu ions exhibited the highest
concentrations. We used the same humic hydrogel for all metal ions.
Therefore, the differences were caused by their properties and beha-
vior. It seems that the initial concentrations were connected with the
affinity of metal ions to humic acids as well as their diffusivity. The
observed differences were related to differences in the diffusion and
reactivity of the used metal ions described below.

The concentration profiles in the diffusion couple are shown in
Fig. 3. The characteristic sigmoidal curves intersecting at diffusion in-
terface were obtained. Their development over time was used for the
determination of total amounts diffused in the acceptor part of the
hydrogel at given times and for the calculation of effective diffusion

100 y
E A10 hrs.
1
! @24 hrs.
_ 80 A '
g’ ' 72 hrs
= |
E 1
g 60 l
= :
en
=]
S [
S, 40 - i
= |
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g "
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Fig. 3. Concentration profiles of Cu ions in the diffusion couple at different times. The

donor part of the diffusion couple was doped by Cu ions from 0.05M stock solution.
Experimental data were fitted using Eq. (10).
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coefficients.
The mathematical procedure used in this work was based on Fick’s
equation describing one-dimensional non-stationary diffusion [29,30]:

dc d%
— = Der —»
ot Mox? )}

where ¢ represents the concentration of the diffusing compound
(metal ions) at time t and position x (the distance from the diffusion
interface). The diffusion coefficient D.g is the main parameter char-
acterizing the rate of the transport. In general, the diffusion coefficient
is an “effective” characteristic reflecting the pore structure of the hy-
drogel [12,13,38,39] and the influence of chemical interactions be-
tween metal ions and humic acids in their transport through the hy-
drogel [12,13,29,32,37].

If the diffusing particles are transported through an unreactive
medium, the effective diffusion coefficient is the medium’s affected
only by the medium’s pore structure and is given by:

¢

Deff =D*=I1D= [JDO,
T

(2)

where the diffusion coefficient in hydrogel D" is dependent on its
porosity (¢) and tortuosity (z) expressed by the structural factor y and
D°, which is the diffusion coefficient in water.

The effects of the chemical reaction can be described mathemati-

cally by the following equation based on the conservation of mass:

e _ P,

ot ox? 3)
where 7 is rate of chemical reaction.

It is well known that humic acids have a relative high affinity to
metal ions (e.g. [7-10]). This can be considered as a sufficient as-
sumption for relatively fast chemical reaction between diffunding metal
ions and humic acids homogeneously distributed in hydrogel. Bryan
et al. [22] reported that if a metal ion is first complexed by humic acids,
it is bound in an “exchangeable” mode. According to their results the
metal ion in this fraction is bound, however, over time, “exchangeably-
bound” metal may transfer to a “non-exchangeable” mode. The inter-
actions between metal ions and humic acids are very complex, mainly
due to the presence of many different humic active sites and compli-
cated reaction mechanisms. On the other hand, if we consider that the
first reaction step between metal ions and humic acids is fast, we can
assume the presence of local equilibrium between free unbound metal
ions (c) and metals bound to humic acids (cp) [29,32,37], given by:

b = KappC, ()]

where K,,;, is the apparent equilibrium constant. It should be noted
that the equilibrium constant is an “alternative” parameter character-
izing the simple reaction “metal ion <= bound metal”. It is, in fact, the
ratio between the concentration of bound metals and the concentration
of free metal ions.

Eq. (3) can be written as

o _pe oo

at axr  TPar’ 5)
and, consequently,

o _ Dt Fe_ e

ot 1+Kypyox2  ox? ©)

The effective diffusion coefficient D¢ can thus be defined by the
following equation
D* MDO

Defr = = ,
T 14+ Ky 1+ Kapp )

in which the effects of the tortuous movement of diffusing metal
ions in humic hydrogel and their chemical interaction are involved.
The mathematical description of diffusion in a diffusion couple
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formed from the same hydrogel and differing only in the metal con-
centrations in the donor and acceptor parts is relatively easy. Before the
start of diffusion, the donor part of the couple has a constant con-
centration of metal ions ¢y along its whole length whereas, the con-
centration of metal ions in the acceptor part of the couple is zero;
therefore the initial conditions are

c=cy, x<0, t=0, (8)
and
c=0, x>0, t=0, 9

and the solution to the second Fick law (Eq. (1)) is [29-32]:

x
4Dt (10)

It can be seen that the concentration of the diffused component at
the interface is time independent and equal to co/2.

The total diffusion flux m, which goes through the diffusion inter-
face between the donor and acceptor parts of the diffusion couple
(x = 0) at time t can be calculated as [29-32]:

c | Deget
°\/ x 11

In our study, the diffusion coefficients D¢ were calculated on the
basis of Eq. (11). Examples of data fitting are shown in Fig. 4. We can
see that the highest total fluxes were determined for Co ions, the lowest
ones for Ni ions. The total diffusion fluxes were affected not only by the
diffusivities of the used metal ions (D¢ values) but also by their initial
contents in the donor parts of diffusion couples (cy). The slopes ob-
tained on the basis of linear regression were proportional to ¢y and
VD.g. The values of Deg are listed in Table 2 and displayed schemati-
cally in Fig. 5. The highest values of D were obtained for Ni ions, the
lowest for Cu ions. The obtained effective diffusion coefficients are
strongly affected by the reactivity of humic acids conditioned mainly by
the acidic functional groups and by the affinity of metal ions to humic
acids. Our previous work [13] was focused on the diffusion of cupric
ions as a model metal with high affinity to humic acids in order to
investigate the effect of selective blocking of humic functional groups.
In the present study, we used only one type of humic hydrogel with the
same content of binding sites for metal ions with different affinities to
humic acids. In comparison of values of D¢ of Co and Ni with their total
diffusion fluxes in Fig. 4 can be seen that the amount of Ni ions dif-
fusing through unit area of diffusion interface was lower than that of Co
ions. The reason for this discrepancy was the lower initial concentration

1
c(x, t)= ECO erfc

my =

1

@Co
¢ Cu
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Fig. 4. The dependence of total flux of metal ions through the diffusion interface on the
square root of time. The donor part of diffusion couple was doped with metal ions from
0.05M stock solution. Experimental data were fitted by Eq. (11).
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Table 2
D values obtained for the transport of metal ions in humic hydrogels on the basis of Eq.
an.
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Table 3
D" values obtained for the transport of metal ions in humic hydrogels on the basis of Eq.
(2) using structural parameter u determined in [12] and D° values published in [40].

concentration of stock solution 1071 Degr (m?/s) Co Cu Ni
(mol/m?)
Co Cu Ni D" 1077 (m?/s) 1.15 + 0.06 1.13 + 0.06 1.04 + 0.05
D° 10~° (m?%/s) 1.46 1.43 1.32
50 8.04 + 0.16 3.32 + 0.09 9.93 * 0.14
100 7.85 + 0.19 524 + 0.05 9.54 * 0.15
1000 7.13 + 021 6.42 + 0.22 846 * 0.13 4
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1.2E-09 @ —o--Cu
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70 ]
1.0E-09 A 108
_ \
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Fig. 5. D values obtained for the transport of metal ions in humic hydrogels on the basis
of Eq. (11). Values above columns are initial contents of metal ions in the donor parts of
diffusion couples.

of Ni ions in the humic hydrogel (i.e. in the donor part of diffusion
couple).

In general, the diffusion coefficient is dependent on the concentra-
tion of diffusing particles. Such concentration dependence exists in
most systems, but often, e.g. in dilute solutions, the dependence is slight
and the diffusion coefficient can be assumed to be constant for practical
purposes [29,30]. It was found that the obtained values of D¢ were
relatively strongly affected by the initial content of metal ions in donor
part of the diffusion couple. As we can see, the effective diffusion
coefficient decreased with increasing concentration in the case of Co
and Ni ions, while the concentration dependence of D¢ determined for
Cu ions exhibited the opposite trend (Table 2). The reason was the high
affinity of Cu ions to humic acids in comparison with other metals (e.g.
[7-10,271), this resulting in their different diffusion behavior in sys-
tems containing humic substances [24,25]. Furukawa and Takahashi
[28] showed that metal mobility is also strongly affected by the size of
humic or fulvic particles contained in the studied system. Some metal-
humic and metal-fulvic complexes can remain mobile with changed
diffusion characteristics [22,24,25,28,41].

The different affinities of metal ions were also observed to have an
effect on their mobilities in their diffusion through hydrogels con-
taining chitosan as a reactive biopolymer [42].

The values of D¢ were used for the calculation of numerical con-
centration profiles using Eq. (10) in order to compare them with ex-
perimental data. The examples in Fig. 3 show that the experimental and
numerical concentration profiles were in very good agreement. This
means that the mathematical model was suitable for our experiments
and that initial and boundary conditions were kept. The influence of
hydrogel reactivity on the diffusion of metal ions was studied in detail
in our previous work [12]. The value of the structural parameter y was
determined as 0.79. If we assume that our humic hydrogel is very si-
milar (prepared from humic acids extracted from the same lignite), we
can calculate the diffusion coefficient D" affected only by the pore
structure of the hydrogel according to Eq. (2) with the use of D° values

120

initial concentration in donor part (mol/kg)

Fig. 6. The D" /D ratio in the dependence of the initial content of metal ions in the donor
part of the diffusion couple.

published in [40]. The values of D" and D° are listed in Table 3. It is
logical that D" is highest for Co and lowest for Ni ions similarly as in the
case of D°, because, in this case, the value of D" is 79% of the value of
D°. In contrast, the ratio D*/Deg is highest for Cu ions and its con-
centration dependence exhibits the opposite trend to that for Co and Ni
(Fig. 6). It was found that the dependence of the ratio D*/Deff on the
initial content of metal ions in the donor part of the diffusion couple
was linear in logarithmic coordinates and increased slightly with the
increasing content of metal ions in the hydrogel. In contrast, the ratio
D" /D decreased with the increasing content of Cu ions in the hydrogel
and the decrease was greater for lower concentrations. The D"/Deg ra-
tios corresponded with the values of the apparent equilibrium constant
Kpp defined by Eq. (7). The K, values demonstrated the high affinity
of Cu ions to humic acids in comparison with Co and Ni (Table 4). Ky
is according to this definition the ratio between bound and free metals
It is not the stability constant and cannot be directly comparable with
data published in literature. On the other hand, our approach can in-
clude interactions between metal ions and humic acids directly in Fick’s
law and solve the transport of metal ions simultaneously with their
interactions during this transport. Our apparent equilibrium constant
Kpp is involved in the effective diffusion coefficient D¢ together with
the effects of the tortuous movement of diffusing metal ions in humic
hydrogel. The value of K, represents an alternative parameter char-
acterizing the affinity of metals to humic acids.

Table 4
K,pp values obtained for the transport of metal ions in humic hydrogels on the basis of Eq.

).

concentration of stock solution Kapp ()
(mol/m®)

Co Cu Ni
50 0.43 + 0.01 240 + 0.07 0.05 + 0.01
100 0.47 + 0.01 1.16 * 0.01 0.09 * 0.01
1000 0.62 + 0.02 0.76 + 0.03 0.23 + 0.01
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As we can see, the apparent equilibrium constant K,p, is con-
centration-dependent mainly in the case of Cu (Table 4). The K,p, va-
lues decreased with the increasing concentration of Cu. In contrast, the
concentration dependencies of K,p;, for Co and Ni were not pronounced.
Their values decreased slightly with increasing concentration. The
amount of bound Co was around 50% in comparison with free mobile
ions. The apparent equilibrium constants obtained for Ni ions were very
low. This means that their bound portion in humic gel was minimal and
the effective diffusion coefficient was near to the value of D". In this
case, the pore structure of the hydrogel had the decisive influence. Our
results are in agreement with the finding of Chakraborty et al. [24] and
Hassan et al. [25], which showed very fast diffusion rates for Ni com-
plexes, these corresponding with Ni bioavailability.

The apparent equilibrium constants obtained for Cu ions were much
higher. The portion of bound metals predominated over free mobile
ions at low concentrations and decreased with increasing total metal
content. Alvarez-Puebla et al. [8] assumed humic acids to have a 3D
structure at high metal concentrations and the presence of energetically
favored 2:1 complexes at low concentrations. The reaction mechanism
and structure of formed complex can significantly influence the equi-
librium between bound and free mobile metal ions expressed by their
ratio K,pp. Lower value of D¢ was the consequence of the binding of Cu
by humic acids described similarly in [24] and [28].

The ifferences the values of the parameters obtained in this study
show that the mobility of metal ions in systems containing humic acids
(or organic matter) is strongly affected by their reciprocal interactions.
Although, the diffusion coefficients in water (D°) differed only slightly,
their values changed significantly, when they diffused through the re-
active humic hydrogel. This decrease in the diffusion rate is partly the
result of the pore structure of the hydrogel. The existence of the solid
network comprising the porous medium results in diffusion pathways
that are more tortuous (meandering) than those that exist in the ab-
sence of the porous medium [39]. Our assumption is that this effect is
the same or very similar for the diffusion of all the metal ions studied in
this work. Therefore, this reduction effect was likely to be the same in
all realized experiments. The most important effect of the reactive
humic hydrogel and the distinctive differences between the used metals
can be characterized by the values of the effective diffusion coefficients
D¢ and the resulting values of the apparent equilibrium constants Kpp,.

4. Conclusions

In conclusion, we showed that the diffusion characteristics of metal
ions in humic hydrogels are strongly affected by their reactivity.
Comparing the diffusion characteristics of Co, Cu and Ni, the differ-
ences characterizing the affinity of the metals to humic acids in dy-
namic conditions can be obtained. It was found that the most mobile
metal was Ni whose mobility was impaired by humic acids only
slightly. In contrast, the high affinity of Cu to humic acids resulted in
the lowest effective diffusion coefficient. In this case, the low value of
D¢ was not directly connected with the diffusion rate. The diffusion
rate can be defined as “how fast particles spontaneously move through
unit area”. The diffusivity or mobility of Cu in water, characterized by
D°, was comparable with that of Co and Ni. Frequent interactions be-
tween Cu and humic acids caused a decrease in the value of D¢ as a
consequence of K, being in the denominator in Eq. (7). However, the
driving force of diffusion was the concentration gradient (or more ex-
actly the gradient of chemical potential). The immobilization of Cu in
humic hydrogel thus caused a decrease in free mobile metal and (as a
result of this decrease) an increase in the concentration gradient.

The diffusion experiments presented in this work can be used to
characterize the mobility, reactivity, and bioavailability of metals in
systems containing humic acids or organic matter. They can be used to
resolve issues directly related to specific environmental problems or in
studies concerning the development of hydro-gels for the controlled
transport of plant nutrients.
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Abstract Soil pollution by the presence of different con-
taminants (e.g. heavy metal ions or pesticides) is one of
the biggest problems worldwide. The positive affinity of
natural humic acids towards these contaminants might con-
tribute to the soil and ground water protection; therefore
it is necessary to study the reactivity and barrier proper-
ties of humic acids. An original reactivity-mapping tool
based on diffusion techniques designed to study the reac-
tivity and barrier properties of polyelectrolytes was devel-
oped and tested on humic acids. The results of diffusion
experiments demonstrate that the electrostatic interactions
between humic acids functioning as a polyelectrolyte inter-
penetrated in a supporting hydrogel matrix (agarose) and
cationic dye (methylene blue) as a model solute have a
crucial impact on the rate of diffusion processes and on
the barrier properties of hydrogels. The intensity of interac-
tions was evaluated by fundamental diffusion parameters
(effective diffusion coefficients and breakthrough time).
The impact of modification of humic acids was also stud-
ied by means of diffusion experiments conducted on two
types of standard humic acids (Leonardite 1S104H) and
humic acids with selectively methylated carboxylic groups.

Keywords Humic acids - Reactivity-mapping tool -
Diffusion - Hydrogel - Transport properties
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Humic acids (HAs) are complex substances which are a
crucial component of soil. Their role in the natural envi-
ronment is indisputable, especially in the case of pollutant
binding. The most important aspect of humic acids in the
natural environment (i.e. in soil) is their capacity for pol-
lutant complexation. Humic acids have a relatively high
affinity towards common pollutants (i.e. heavy metal ions,
pesticides, etc.). This capacity has been reported in several
publications (Schnitzer and Khan 1972; Kérdel et al. 1997;
Tipping 2002; Sachs and Bernhard 2011; Lishtvan et al.
2012). Interactions between humic acids and pollutants are
mostly given by carboxylic and phenolic functional groups.
The complex structure of humic acids and the presence of
diverse functional groups such as carboxylic groups and
phenolic groups have been widely reported (Ritchie and
Perdue 2003; Fukushima and Nakayasu 1995).

From another perspective, the positive affinity and sorp-
tion ability of humic acids to common pollutants may also
be given by the presence of hydrophobic centres (De Paolis
and Kukkonen 1997; Ran et al. 2007), which are predomi-
nantly responsible for these interactions while the presence
of acidic functional groups has only a minor influence. Veri-
fication of the role of acidic functional groups in compari-
son with that of hydrophobic centres in interactions between
humic acids and pollutants was one of the main goals of this
study.

Humic acids belong to the extensive group of natural bio-
colloids. Chemistry of humic acids is relatively well known
and very well described in literature (Stevenson 1994). One
of the most important gaps in the knowledge of humic acids
(generally biocolloids or polyelectrolytes) is their reactiv-
ity. This is mostly studied by classical sorption experiments
(Martyniuk and Wieckowska 2003; Bradl and Acikel 2004)
but such experiments have several deficiencies. Firstly,
sorption experiments are mostly conducted on humic acids
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in solid form; however in the natural environment, humic
acids are mostly in the colloid or hydrogel form. Further,
the sorption of active compounds (i.e. heavy metal ions)
is mostly realized on the surface of humic acids; i.e. that
only the surface reactivity of humic acids can be studied by
classical sorption experiments. Therefore, simple diffusion
techniques for studying the reactivity of humic acids have
been developed. These methods are based on the assump-
tion that humic acids are homogeneously distributed in the
agarose hydrogel used for diffusion experiments. In several
works (Klucakova and Pekar 2003, 2006, 2009; Klucakova
et al. 2013), the reactivity of humic acids was studied by
means of their interaction with heavy metal ions (Cu’") and
the effective diffusion coefficients (diffusion coefficients
where the tortuous movement of diffusing matter and the
chemical interactions between humic acids and heavy metal
ions are involved), and sorption capacities of humic-like
hydrogels were determined as the main transport parameters
of diffusion processes.

The aim of this paper is to offer a new approach to
studying the reactivity of HAs, namely the use of uncon-
ventional diffusion techniques (non-stationary diffusion in
cuvettes and diffusion cell technique) in hydrogel media.
For the routine determination of basic diffusion parameters,
such as diffusion coefficients, lag time, and sorption capac-
ity in semi-solid samples (e.g. gels), the presented method
employing diffusion cells represents one of the best choices
for these experiments. A diffusion cell method is based on
measurement of the time needed by the solute to penetrate
through the porous hydrogel and, after penetration, for its
flux to achieve a steady state (Sedlacek et al. 2013; Smilek
et al. 2015). A diffusion cell technique is mainly used for the
routine determination of diffusion parameters through the
human dermis (Ibrahim and Kasting 2012) or the penetra-
tion of drugs through synthetic membranes (Mustapha et al.
2011). However, the diffusion cell technique also seems to
be of value for studying the reactivity of active compounds
in supporting porous media (e.g. hydrogels).

Materials and Methods

Agarose (routine use class, <10 wt% moisture content) and
Methylene Blue hydrate (MB, CI Basic Blue 9, dye content,
>95 wt%) were purchased from Sigma—Aldrich and were
used without further purification.

Standard samples of humic acids (IHSS) were obtained
from the International Humic Substances Society (Leonard-
ite 1S104H). Modified humic acids were prepared via meth-
ylation using trimethylsilyl-diazomethan. The procedure of
modification is described in detail in literature (Klucakova
et al. 2013). The modification procedure adjusts the amount
of acidic carboxylic groups. Carboxylic groups are covered

@ Springer

by methyl- groups during modification; therefore the influ-
ence of carboxylic acidity on the reactivity of humic acids is
eliminated. The presence of carboxylic groups in the struc-
ture of humic acids was tested by FTIR (Klucakova et al.
2013).

Diffusion experiments described in this paper were con-
ducted in a supporting hydrogel matrix based on linear
polysaccharide agarose. The preparation of interpenetrating
polymer network (IPN) from humic acids in a supporting
hydrogel-forming polymer based on agarose was achieved
via thermoreversible processes. The network of agarose
chains is interpenetrated by molecules of humic acids at
higher temperatures —in our study the mixture dissolved
at 85°C and was then poured into a pre-heated mould. The
used concentrations of humic acids were 0.002 wt%, 0.005
wt% and 0.010 wt%. The fourth sample was a pure agarose
hydrogel without the addition of HAs, used as a reference.
Each agarose solution with/without humic acids was poured
into a pre-heated PTFE mould, and glass slides (also pre-
heated) were placed on the opposite sides of the mould. A
mixture of agarose with humic acids gradually solidified
into a cylindrical hydrogel plate sample (40 mm in diameter
and 5 mm thick).

The hydrogel in the PTFE mould was placed between
the two chambers of the diffusion cell. The first chamber of
diffusion cell was filled with 0.01 g dm™ Methylene Blue
(Sigma—Aldrich, purity >95 wt%) and the second chamber
was filled with deionized water. Both chambers of the dif-
fusion cell were filled simultaneously with 60 cm® of solu-
tions. A circulating water bath was used in order to keep
the experiments at constant temperature (30°C). The change
in concentration of the diffusion probe was determined by
USB 2000+ ultraviolet—visible fibre spectrometer (Ocean
Optics, Inc.) in the acceptor part of diffusion cell as a func-
tion of time. The ultraviolet—visible spectra were collected
continuously at given time intervals. After termination of
diffusion experiments, the absorbance in the donor part of
the diffusion cell was measured, and the concentration of
solute in the hydrogel was calculated as from the difference
of concentration at the beginning and the end of the experi-
ment. The water-jacketed side-by-side diffusion cell was
purchased from Permegear Inc. (Fig. 1).

Results and Discussion

The diffusion process in the diffusion cell can be divided into
two discrete steps: (1) sorption, (2) steady state flux. Dur-
ing the first stage, the concentration of the diffusion probe
does not change in the acceptor compartment of the diffusion
cell. The diffusion probe (a simple organic dye) may inter-
act with humic acids until all functional groups (or hydro-
phobic centres) are occupied by dye molecules. After that,
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Fig. 1 Schematic drawing of the diffusion cell apparatus

the concentration of the diffusion probe will begin to change
in the acceptor compartment and the steady state stage will
occur. The steady state flux can be determined by fitting the
linear part of the break-through curve (steady-state stage),
while the break-through time (lag time) is calculated from the
x-axis intercept (Fig. 2) the time when the first molecule of
organic dye penetrated through the porous agarose hydrogel
with/without addition of humic acids. From the steady state
flux, the effective diffusion coefficient as one of the most
important parameter can be calculated according to Eq. 1.

_(dn [
Dy _(E)(A_c) (1

where D is effective diffusion coefficient, dn/dt is the
change of moles of organic dye with time, / is thickness of
the porous agarose hydrogel and Ac is the difference of con-
centration of organic dye in donor and acceptor part of dif-
fusion cell at the beginning of the experiment.
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Fig. 2 The change of concentration of methylene blue in acceptor part
of diffusion cell as a function of time for 1 wt% agarose hydrogel with
increasing concentrations of native IHSS humic acids
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A detailed description of mathematical apparatus used
for calculation of diffusion parameters is described in our
previous work (Sedlacek et al. 2013).

It is obvious that the increasing concentration of humic
acids in the agarose hydrogel sample slowed down the rate of
diffusion processes. This finding is supported by the increas-
ing lag time (the time needed for the penetration of the dye
through the hydrogel sample) and by the decreasing slope
of the linear part of the curve with the increasing content
of humic acids in the agarose hydrogel. The effective diffu-
sion coefficients were calculated from the linear parts of the
break-through curves (Fig. 2). The calculated values of the
effective diffusion coefficients for agarose hydrogels with or
without the addition of humic acids are shown in Fig. 3.

The values of the effective diffusion coefficients decreased
with the increasing concentration of humic acids for both
tested humic acids (native and methylated). It should be noted
that the effective diffusion coefficients for methylated IHSS
humic acids were lower in comparison with the effective

1.0E-09 - [J IHSS humic acids

B methylated IHSS humic acids
8.0E-10 4

~ 6.0E-10 |
Ld
£ 4.0E-10 {

2.0E-10 A

effective diffusion coefficient

0.0E+00

0 0.002 0.005
concentration of humic acids (wt. %)
Fig. 3 The effective diffusion coefficients of methylene blue in 1 wt%

hydrogels with increasing concentrations of native IHSS humic acids
in hydrogel in comparison with methylated IHSS humic acids
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diffusion coefficients for native IHSS humic acids. Therefore
we can believe that the effective diffusion coefficients (which
reflect the rate of positive interactions between anionic humic
acids and cationic methylene blue) would be lower for native
humic acids with non-blocked carboxylic groups. Such
groups are available for interaction with cationic methylene
blue because according to theoretical assumptions, the posi-
tive affinity or rate of interactions of humic acids with cat-
ionic compounds is given mainly by the presence of acidic
functional groups in the structure of humic acids (Guo-Ping et
al. 2009). From the comparison of effective diffusion coeffi-
cients for native and methylated IHSS humic acids (Fig. 3), it
is obvious that the presence of carboxylic groups in the struc-
ture of humic acids is not as important as we expected. This
represents a very interesting finding regarding the transport
and barrier properties of humic acids. Interactions between
humic acids and cationic compounds are much more complex
and are given not only by acidic functional groups but also by
other effects in complex structure of humic acids such as non-
electrostatic binding (Zanini et al. 2006) or the hydrophobic-
ity of humic acids (Murphy et al. 1994).

Diffusion coefficients, calculated from the linearly
increasing concentration of methylene blue in the acceptor
cell, are one of the most important parameters illustrating the
interaction between the methylene blue and humic content
in the studied hydrogels. Another important parameter pro-
viding useful information about the reactivity, transport and
barrier properties of humic acids in hydrogel media is the
break-through time or so-called lag time (the time needed
for the first molecule of methylene blue to penetrate through
the hydrogel into the acceptor cell). From Fig. 4, it is evident
from the increasing lag times that increasing the amount of
humic acids in the hydrogel slows down the diffusion of the
dye breaking through the hydrogel in comparison with pure
agarose hydrogel without addition of humic acids because
the lag time distinctly increases with increasing the concen-
tration of humic acids in agarose hydrogels. In the case of
addition of 0.010 wt% of humic acids (without modification)
to the same agarose hydrogel, the penetration time increases

18 - [ IHSS humic acids
16 1 [ methylated IHSS humic acids

lag time (hours)

0.002 0.005 0.01
concentration of humic acids (wt. %)

Fig. 4 The break-through time (lag time) for 1 wt% agarose hydrogels
with different concentrations of humic acids (native and methylated)

@ Springer

to more than 14 h for native humic acids and more than 10 h
for methylated humic acids. This is given by specific interac-
tions between humic acids and the cationic organic dye.

The modification of humic acids —in particular, the selec-
tive blocking of carboxylic groups has a minor influence on
the reactivity and barrier properties of standard humic acids
because the differences in the two main diffusion param-
eters (effective diffusion coefficients and break-through
time) are not so significant. Changes of absolute values of
lag time for both studied humic acids are at the level of error
bars. One of the most important findings is that the presence
of acidic functional groups in the structure of humic acids
is not as significant as we expected. The positive affinity of
humic acids to cationic compounds, especially organic dyes
is given not only by specific functional groups, but also by
other effects such as hydrophobicity or non-covalent inter-
actions (Simpson et al. 2004).

The unconventional diffusion techniques presented in
this paper represent a very challenging and useful tool for
mapping the reactivity, barrier, and transport properties of
biocolloids or biopolymers. Innovative diffusion approaches
seem to give much more information about the reactivity of
humic acids in their natural environment than classical sorp-
tion experiments because the results obtained from sorption
experiments are strongly dependent on the particle size of
the humic acids and the level of homogeneity. These disad-
vantages are eliminated when experiments are conducted
in hydrogel media. Hydrogel contains a high percentage of
water; therefore it is able to simulate the real environment of
humic acids. From an experimental point of view, hydrogel
is easy to be prepared in exact shapes and thicknesses, and
knowledge of these parameters is necessary for the math-
ematical description of diffusion processes. These methods
also seem to be suitable for experiments running under dif-
ferent conditions (e.g. the use of different temperatures, dif-
ferent ionic strengths, and different values of pH), which
can be in these methods easily controlled. Diffusion experi-
ments based on the presented diffusion techniques could also
become a universal method applicable for studying the reac-
tivity of different compounds under different conditions.
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ABSTRACT

An original experimental methodology, which provides both qualitative and quantitative insights into
fundamental diffusion processes, is described and proposed for use in a variety of laboratory courses,
e.g., chemical-biological engineering, materials science and physical chemistry.

In the proposed experiments, transient and stationary diffusion flow of a colored solute is studied in
an aqueous solution entrapped in an agarose gel matrix. Furthermore, the demonstration of the effect
of the reaction between the solute and the gel matrix is illustrated through the addition of a reactive
polyelectrolyte component into the gel structure. The proposed methodology is intended for higher-
level undergraduate physical chemistry laboratory classes. It also has applications at many levels of
materials science and engineering education, as it allows for direct and timely observation, as well as

practical experience in data acquisition and analysis of basic diffusion concepts.

INTRODUCTION

Apart  from  comprehensive  theoretical
knowledge of specific physical and chemical
phenomena, outcomes for students studying
physical chemistry at a university require also
the ability to apply such knowledge to practical
experience and to the problems of everyday
life. These attributes are especially important to
students majoring in materials science and
engineering (MSE) where the fundamental
paradigm is learning how to predict and control
the changes that occur due to reaction of
various materials with their environment. The

phenomena may involve many states of matter,
but the essential mechanisms of change
commonly depend on mass transport by
diffusion. In general, diffusion represents an
interesting example of an area of overlap
between Chemistry and Materials Science and
Engineering (other examples can be found
elsewhere!?). The understanding of diffusion
through planned observation, data acquisition
and analysis represents a solid example of how
the teaching and learning of physical chemistry
through well-structured laboratory experiments
contributes to such fundamental behavior of
materials. On one hand, as a ubiquitous
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phenomenon affecting both the natural and
synthetic world as well as the vast majority of
technological procedures of various kinds,
diffusion is undoubtedly seen as an essential
topic in theoretical courses on physical
chemistry, where it usually poses a difficulty
for students due to its complicated and often
incomprehensible mathematical formalism, e.g.,
the “error function” concept (for details on the
mathematics of diffusion, see e.g. Cranck®). On
the other hand, rarely do students get practical
familiarization with diffusion phenomena, e.g.
in laboratory courses in physical chemistry as
well as in MSE courses.

Experimental demonstration of a diffusion
process is usually performed either in liquids or
gases, where the typical diffusion rates are high
enough to be observable in a reasonably
available timeframe i.e., minutes, hours, or
days. Hence, diffusion phenomena are often
demonstrated in simple experiments like
placing a few crystals of a colored substance
(e.g. copper sulphate) at the bottom of a water-
filled beaker and observing as the color
consequently gently spreads throughout the
bottle. Unfortunately, such experiments always
entail some inevitable interference processes
such as the convective flow of the liquid caused
by the inhomogeneity in temperature or the
density of the solution. Furthermore, these
experiments usually provide little opportunity
for the investigating the diffusion in a
guantitative way and thus confront the
experimental analysis/interpretation with hard
to apply knowledge of diffusion mathematics.
Several attempts have been made to optimize
solution diffusion experiments for under-
graduate chemistry courses. For instance, King
et al.* proposed a simple laser refraction
technique for the measuring the diffusion
coefficients of liquids. The method is quick,
accurate and offers a good visualization of the
diffusion process.

In this report, we will demonstrate that the
frequent serious drawbacks of the above-
mentioned demonstrations can be circumvented
by carrying out the diffusion experiments in a

hydrogel medium instead of a liquid.
Hydrogels®® combine their solid (continuous
network of polymer molecules or colloidal
particles) and liquid fraction (aqueous solution)
into a unique composite structure which
possesses beneficial properties from the
diffusion-related point of view. Because the
greater part of gels by weight is made up of an
aqueous solution, the corresponding diffusion
rate is almost as high as in the solution alone.
Nevertheless, in comparison with the solution,
convective flow is markedly suppressed by the
continuous solid network, or matrix, of the gel.

Hydrogel media are already commonly applied
in demonstrations of some special diffusion-
related phenomena such as those presented in
Figure 17. Chemical gardens, a phenomenon
discovered more than three centuries ago’,
represent not only a popular chemical
experiment  for middle-school  chemistry
lessons, but nowadays there is also a growing
interest in them in disciplines as varied as
chemistry, physics, nonlinear dynamics and
materials science®®. Liesegang rings, periodical
bands or ring patterns formed by inorganic
precipitation in a polymer gel medium, have
attracted the attention of chemists, geologists
and biologists, in experiments in order to
understand  natural  patterning.  Although
numerous qualitative and mathematically
formulated models have been suggested, we
still lack a complete explanation of both
phenomena®.

" Preparation of the ‘chemical garden’ shown in Fig. 1: the
glass container was filled up by waterglass (sodium
silicate). On the bottom of the container the solid crystals
of multivalent ions of metals (cobalt chloride, copper
chloride, nickel chloride, magnesium chloride or ferric
sulphate) were added.

Preparation of Liesegang rings shown in Fig. 1: 2 wt. %
agarose hydrogel with addition of 0.002 M potassium
dichromate (C) or 0.2 M cobalt chloride (D) was prepared
in glass tubes. On the top of the glass tubes, 0.1 M silver
nitrate (C) or concentrated ammonia (D) was poured. As
the ions diffuse from the respective solution into the
hydrogel, sharp concentric rings of insoluble hexa-amine-
cobalt (I) ions (C) or silver chromate (D) are formed
wherever concentration of the produced salt exceeds the
respective solubility product constant.
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Figure 1. Common practical demonstrations of diffusion-related phenomena in hydrogels: chemical
gardens (a, b), Liesegang rings (c, d). The characteristic fibrous pattern of the chemical gardens is a
consequence of the specific permeability of metal silicate colloidal gel, which forms around a crystal
of a dissolving metal salt in the water-glass solution. On the other hand, periodic patterning of a
weakly soluble salt in the Liesegang phenomenon is well observable in gels where the patterns are

not destroyed by convection or sedimentation.

In the current paper, we extend the traditional
use of hydrogel in educational diffusion
demonstrations by introducing a simple
experimental methodology which provides both
a qualitative and a quantitative insight into two
fundamental diffusion processes: transient and
steady-state diffusion flow of a colored solute
in agueous solution entrapped in an agarose gel
matrix. Furthermore, it involves a
demonstration of the effect of the reaction
between the solute and the gel matrix by the
addition of a reactive component into the gel
structure. The proposed methodology is
intended for use in higher-level undergraduate
laboratory classes of physical chemistry and is
adaptable to instruction in related disciplines,
such as materials science and engineering. In
the Experimental section, we present a general
experimental procedure, which allows for
adaptation to the particular requirements of the
laboratory course supervisor in such things as
the selection of chemicals used. The proposed
methodology was tested and optimized with
students employing agarose hydrogels as a

diffusion media, cationic organic dyes as
diffusing compounds and model synthetic and
natural polymers as the reactive components of
the gel. Selected experimental data as
determined for these systems are presented in
Results and Discussion.

THEORY
Hydrogels

The term hydrogel describes a three-
dimensional network structure obtained from a
class of synthetic/natural polymers, which can
absorb and retain significant amount of water.
Hydrogels are defined as substantially diluted
cross-linked  systems formed by three-
dimensional polymeric networks!!. Hydrogel is
a colloid dispersion system, in which the
dispersion phase (solid) combines with the
dispersion medium (liquid) to produce a
semisolid material. Hydrogels can be prepared
by changing the physical conditions of
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solutions (temperature, pH, and level of
electrolyte); covalent hydrogels can be prepared
by means of chemical reactions. Covalently
cross-linked hydrogels have better mechanical
properties than physically cross-linked ones.
Another method of hydrogel preparation is
swelling®? (the addition of dispersion medium
to a compact xerogel — the dispersion phase
without the dispersion medium). Despite the
majority of the hydrogel volume being made up
of water, it has the properties of the solid state
(mechanical properties, diffusivity)*2.

Diffusion

Diffusion is a molecular transport process
caused by random Brownian motion of
molecules. The rate of transport of molecules is
related to the diffusion coefficient (D, in m? -

s71), a parameter dependent on the nature of the
substance, defined by Fick’s First Law

. a
J=Aj=—-AD+ €

where J is the total flux of molecules (mol-
s™1) along the distance x (m), A is the area
across which the diffusion occurs (m?), j is the

flux per unit area (mol-s~!-m) and c is the
concentration (mol - m~3) of the solute*. Note
that the form of Fick’s First Law, shown in
Equation 1 is valid only when the diffusive
flow is one-dimensional and D is constant.

Depending on whether the gradient of con-
centration along the dimension of diffusive flux
of the compound is constant, we differentiate
between steady-state and non-stationary
(transient) diffusion. Diffusive flux is time-
variable for the non-stationary diffusion which
is governed by the Fick’s Second Law in the
form (valid for the above-mentioned
assumptions):

dc d%c

7= 0(5) @
According to exact initial and boundary con-
ditions, which correspond to the particular
system, the solution of this partial differential
equation provides the time-spatial dependence
of the concentration of diffusing solute in the

medium. Comprehensive literature sources,
providing these solutions, are available® 413,

If the diffusion proceeds in a porous medium,
e.g. in hydrogel, it is complicated by two
inevitable effects: (i) a reduced cross-sectional
area, available for the diffusive flux compared
to the macroscopic cross-sectional area
(assuming that the compound cannot penetrate
the solid phase), and (ii) a more tortuous
transport of the compound into the pores of
medium (see Fig. 2). As a result, the modified
Fick’s equations describe the transport of solute
through the porous specimen. Furthermore, the
diffusing compound may also interact with or
even bind to the solid phase of the porous
medium (e.g. with the polymer network in the
hydrogel). The appropriate mathematical model
for the description of diffusion in porous media,
including both above mentioned effects, is
discussed in detail by Shackelford and Moore!®
and summarized in our previous paperst’-%,

EXPERIMENTAL SECTION

Preparation of hydrogels for the diffusion
experiments

The model hydrogels proposed here for the
diffusion experiments are prepared from
agarose, a commercially available poly-
saccharide extracted from sea algae. From the
chemical point of view, agarose is made up of
repeating units of agarobiose, disaccharide
consisting of galactose and 3,6-anhydro-
galactose (see Fig. 3). Nevertheless, alternative
hydrogel systems which meet the requirements
of the proposed methodology (optical
transparency, ability to interpenetrate a reactive
polymer additive, dimensional stability in
utilized diffusion apparatuses) can be easily
found in the literature (e.g. gelatin?, chitosan
gels??, waterglass gels®). The particular
experimental procedure of the thermoreversible
gelation of agarose is exceedingly simple® as
described in the next section (and summarized
in Table 1). To prepare the hydrogel with an
improved binding affinity to the diffusing
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Figure 2. Schematic illustration of the non-stationary diffusion of a solute into non-porous (a) and porous

medium (b), respectively. The lower volume fraction available to the diffusion of the solute and the more tortu-
ous trajectory of the diffusion transport in the porous medium results in the decreased total diffusion flux J.

agarose
network

aqueous|
solution

Figure 3. Molecular structure of agarose (a) and the schematic illustration of the macromolecular aggregation
processes (b) which take place during the thermoreversible agarose gelatinization leading to the final agarose
hydrogel (c).
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Table 1. Detailed work-flow of individual 1 wt.% agarose gel samples preparation procedure (both
reference agarose gels as well as the improved binding capacity agarose gels with addition of 0.01

wt. % of individual polyelectrolytes)

step procedure reference agarose gel polyelectrolyte/ agarose gel
no.

1 source materials | agarose powder and distilled water agarose powder, distilled water and
0.1 wt. % water solutions of individual
polyelectrolytes

2 mixing of source | disperse solid agarose powder in | disperse solid agarose powder in

materials distilled water (use ratio 0.1 g of | distilled water (use ratio 0.1 g of
agarose to 10 ml of distilled water) agarose to 1 ml of appropriate
polyelectrolytes solution and 9 ml of
distilled water)
3 agarose under continuous stirring slowly heat the dispersion to 80 °C
dissolution

4 sample rinse vessel with dissolved agarose solution or agarose — polyelectrolyte

degassing mixture in ultrasonic bath for 1 minute

5 final gel shape
adjusting

transfer the dissolved gel sample into a form holder according to its subsequent
utilization in diffusion experiments (e.g. cylindrical rings for diffusion cells

experiment, standard spectrophotometric cuvettes for in-diffusion experiment)

6 cooling down

compound, small amounts of a water-soluble
polymer carrying appropriate functional groups
are dissolved in water prior to the addition of
solid agarose. The remaining steps of the
gelation are left unchanged. The proper
polymer functionality is selected with respect to
the chemical nature of the diffusing compound,
i.e. according to the charge of ionic compounds,
H-bond donor/acceptor character and so forth.
A sufficiently low concentration of added
polymer compared to the agarose matrix is used
to ensure that major mechanical and structural
parameters of the gel are not affected by the
polymer component so that the observed
differences in determined diffusion parameters
can be attributed unambiguously to the effect of
the binding of the diffusing compound to the
reactive additive. The molecular weight of the
reactive polymer needs to be high enough to
keep the polymer molecules immobilized in the
hydrogel network. Any possible release of the
polymer from the gel during the diffusion
experiments should be verified experimentally

cool the form with the gel sample down to the ambient laboratory temperature

as a part of the implementation and optim-
ization of the diffusion methodology.

Selection of the diffusing solute

In the proposed methodology, the concentration
of diffusing solute within the gel (in-
diffusion/transient experiments) and in the
diffusion-cells apparatus (through-diffusion/
steady-state  experiments), respectively, is
measured by means of spectrophotometry (see
the trial laboratory experiments). Therefore, a
colored substance with high solubility in water
represents a suitable candidate for the diffusing
compound. As far as the molecular structure of
the solute is concerned, ionic compounds
additionally possess great binding affinity
towards polyelectrolytes, which can be
employed in the demonstration of an effect of
binding on the diffusion process. Moreover,
because the anion-active polyelectrolytes are
much more common than the cation-active
ones, positively charged low-molecular-weight
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compounds are better utilizable for this
purpose. Both inorganic and organic cations
with a high molar absorption coefficient in
aqueous solution can be used, for instance
copper (absorption maximum 810 nm), nickel
(390 and 720 nm) or cobalt (510 nm) ions as
inorganic ions® and methylene blue (665 nm),
rhodamine 6G (525 nm) or other basic dyes
from organic solutes®®,

Through-diffusion/steady-state experiments
in diffusion cells

The method of a diffusion cell” 2 (alternatively
referred to as a “Franz cell” or the “through-
diffusion method”)] represents one easy way to
study the diffusion experimentally. The
experimental principle of the method is
straightforward. As the solute diffuses through
a studied sample (e.g. a membrane, solid or
semi-solid sample like hydrogel, etc.)
positioned between two compartments (i.e.
cells) of the apparatus, its concentration is
continuously measured either in one or both
cells. When the diffusing solute is colored, its
penetration through the sample can be easily

observed even visually. However, the process
can be easily studied in a quantitative way by
employing spectrophotometry as an available
analytical tool routinely used in basic courses of
physical and analytical chemistry.

The through-diffusion/steady-state experiment
proposed here for undergraduate laboratory
classes of physical chemistry proceeds as
follows: agarose gel is prepared by in-situ
gelation in a ring holder like that shown in
Figure S1 in the Supplementary Material. After
complete solidification of the gel, the holder is
fixed in the middle of the diffusion cells
apparatus. A schematic drawing of the horizon-
tal diffusion cell apparatus used in the trial
experiments (see the next section) is shown in
Figure 4. At the same time, the cells of the
apparatus are filled with the same volume of a
source solution of the diffusing substance and
deionized water, respectively. The single-
wavelength absorbance or whole absorption
spectra of the acceptor solution (water initially)
is recorded on the spectrophotometer either
after the manual sampling or by means of an
optical-fibre dip probe.

ZJ filling

)

donor compartment

80 cm?®

Fad

hydrogel holder

filling
“« spectra collection

)

acceptor compartment

60 cm?®

magnetic stirrer

clamp

water jacket

Figure 4. Schematic drawing of the commercial diffusion cells apparatus used in the through-diffusion
experiments (not to scale). Diffusion of a solute proceeds from the solution placed in the donor compartment
(higher concentration of the solute) into the solution in the acceptor compartment (lower concentration of the
solute) through the studied hydrogel sample. The concentration of the solute in the acceptor compartment is

continuously measured.
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The evaluation of experimental data is based on
the linear regression of the increasing part of
the time dependency of the concentration of the
solute into the “acceptor” cell of the apparatus
(breakthrough curve). The x-axis intercept of
the line provides the time, needed by the solute
to break through the gel (i.e. the lag time).
From the slope of the line, the steady-state
diffusion flux js (in mol.m2.s?) is calculated.
This parameter represents the molar amount of
solute transported through the unit area of gel
sample per second and it depends on the gel
thickness L (in m) and the effective diffusivity
D. of the solute in the gel according to the
equation
Acger

Ja=De—— 3)

The effective diffusivity of solute provides
interesting information about the gel structure
as it embraces the effects of gel porosity and
tortuosity of the solute flow in gel. The porous
nature of the gel results in the fact that only a
specific volume fraction is available to the
diffusion of solute. Tortuosity is a factor that
describes how the trajectory of the solute flow
is tortuous because of the presence of dispersed
solid content. Both effects decrease the
effective diffusivity of the solute (see Fig. 2). A
detailed mathematical description of the two
effects is provided elsewhere!® %

In-diffusion/transient experiments in
cuvettes

Because the diffusion-cell experiments describe
guantitatively mainly the later step of the
diffusion process when the whole gel sample
has already been permeated by the diffusing
solute, it is reasonable to combine this
experiment with an additional one that focuses
on the initial stage of the penetration of the
solute into the sample. For this purpose, a
simple study can be performed where the gel is
prepared via the in-situ gelation in the cuvettes
for ultraviolet-visible (UV-VIS) spectrometry.
The gel-filled cuvettes are then immersed in the
source solution of diffusing solute. To
maximally ~ simplify ~ the = mathematical

description of the diffusion process by using the
model for diffusion from a constant source® *,
the volume of the solution is kept high enough
to maintain the concentration of solute at an
approximately constant value during the
diffusion experiment. During the diffusion
experiment, the cuvettes are taken from the
solution at selected time intervals and the UV-
VIS spectra are recorded at different positions
from the edge of the cuvette. For this purpose, a
vertical positioner of the cuvette (i.e. the
cuvette holder equipped with finely controlled
vertical movement) is needed. An example of
such an accessory (made by the authors) is
shown in Figure S2 in the Supplementary
Material. This leads to the determination of the
solute concentration profiles in gel at different
time intervals. The calculation of the apparent
diffusion coefficient D, is allowed by
comparing of these profiles with the
corresponding solution of the Fick’s Second
Law in the following form

c=cs" er‘fC—\/‘:;7 4)

where c represents the concentration of basic
organic dye at various distances from the
boundary, c¢s is the concentration on the
hydrogel-solution interface, erfc is the
Complementary error function® (a non-
elementary function of sigmoid shape that often
occurs in probability, statistics or in diffusion
equations), and t is the time from the beginning
of the diffusion process. In comparison with the
effective diffusion coefficient, the apparent
diffusion coefficient involves also any effect of
interactions between the diffusing solute and
the gel medium.

Testing the methodology in trial laboratory
experiments

The methodology as generally described in the
previous section was implemented in trial
laboratory  experiments  performed by
undergraduate students as a part of the colloidal
chemistry laboratory course at the Brno
University of Technology, Faculty of
Chemistry. For these experiments, agarose
(AG, routine use class, < 10 wt.% moisture
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content), methylene blue hydrate (MB, Cl Basic
blue 9, dye content > 95 wt.%), poly (sodium 4-
styrenesulfonate) (PSS, purity > 99 wt.%) and
alginate (ALG, purity >99 wt.%) were
purchased from Sigma-Aldrich. Leonardite
Humic Acid Standard (HA, 1S104H) were
purchased from International Humic Substances
Society  (www.humicsubstances.org).  All
compounds were used without further
purification. Agarose was selected as a standard
gel-forming agent, methylene blue as a model
positively charged low molecular solute and
other compounds as anionic polymers of natural
(ALG and HA) and synthetic (PSS) origin.

Reference agarose hydrogel was gelatinized
from 1 wt.% solution of AG in water (see Table
1). In this process, an accurately weighted
amount of solid agarose was dispersed in water
and the dispersion was slowly heated under
continuous stirring to 80 °C. Then, the mixture
was maintained at this temperature until it
turned clear and transparent as the agarose
dissolved. The solution was then degassed (e.g.
in an ultrasonic bath) as the temperature was
still kept at 80°C. The hydrogel was formed
from this solution during cooling to ambient
temperature.

Gels with their binding capacity improved by
the addition of polyelectrolyte component were
prepared as follows: specific amounts of solid
AG and respective polyelectrolyte (PSS, ALG
or HA) were dissolved in water in order to
prepare the solutions of 1 wt.% content and
0.01 wt% content of AG and the poly-
electrolyte, respectively. The solutions were
then gelatinized via the same method as
described above.

For the diffusion experiments, warm solutions
of AG or AG — polyelectrolyte mixture were
poured into appropriate containers to prepare
the gels in required proportions. In the case of
experiments in diffusion cells, the container
was constituted from the plastic ring holder
placed between two glass plates (see Figure S3
in the Supplementary Material). Cylindrical
gels (40 mm in diameter and 5 mm thick) were
prepared by this procedure. For the in-diffusion

experiments, the solution was left gelatinizing
in standard cuvettes for spectrophotometry
(inner dimensions: 10 x 10 x 45 mm), covered
by glass to prevent the evaporation and
shrinking of the sample during the gelation.

Through-diffusion/steady-state experiments
were performed in standard diffusion cells
purchased from PermeGear, Inc. (see Figure 4
and Figure S4 in the Supplementary Material).
The gel sample in the plastic ring holder was
fixed between the donor and acceptor cell of the
apparatus. The donor cell was filled with 60
cm® of 0.01g.dm=3 aqueous solution of
methylene blue and the acceptor cell with the
same volume of deionized water. VIS
absorption spectra were collected automatically
in the acceptor solution by USB 2000+ fibre
spectrometer (Ocean Optics, Inc.) equipped
with an optical fibre dip probe. No samples
were taken from the cells and the total volumes
of the solutions thus stayed constant during the
diffusion experiment. After the termination of
the diffusion experiment, the absorbance was
measured in both cells. For every measurement,
the values of steady-state diffusion flux and
time lag were derived from the linear regression
of linear part of the break-through curve.
Furthermore, the total mass of methylene blue
absorbed in the hydrogel specimen was
determined from the mass balance in the
diffusion cell compartments at the initial and
final stage.

In-diffusion experiments with hydrogels were
performed as follows: the hydrogel samples in
transparent cuvettes were immersed in
horizontal positions in 0.01 g dm= aqueous
solution of methylene blue in a container filled
with 250 c¢cm?® of the dye solution. The dye
solution was stirred continuously by a magnetic
stirrer and the dye was left to diffuse from the
solution into the gel samples through the square
orifices of the cuvettes. At selected time
intervals (24, 48 and 72 hours), the cuvettes
were taken out of the solution and the UV-VIS
spectra were measured at various distances
from the orifice on the Varian Cary 50 UV-VIS
spectrophotometer equipped with a special
accessory providing controlled fine vertical
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movement of the cuvette in the spectro-
photometer (see Fig. S2 in the Supplementary
Material). From the collected UV-VIS spectra,
the concentration profile of the dye was
determined along the gel (spectra were taken at
Imm increments at a distance from the
gel/solution interface).

After the trial laboratory experiments had been
completed, the undergraduate students involved
were asked to answer an anonymous survey
prepared in the Google forms tool. The survey
focused on students’ subjective evaluation of
the implemented methodology mainly in terms
of its contribution to understanding the related
theoretical phenomena  (transport/diffusion
processes, binding of solute to polymer),
defining the experimental pros and cons of the
particular diffusion techniques and providing
the supervisor with feedback on his explanation
of the fundamental theory and experimental
procedure.

Results and discussion

The general concept for implementing the
proposed experiments into undergraduate
laboratory courses is to provide students with a
practical demonstration of diffusion
phenomena. The main emphasis is placed on
the illustrative nature of the experiments, the
easy transfer of observations into practice and
the low technical demands on the experimental
design. Therefore, only instrumentation widely
available in a common university/commercial
lab is used. Furthermore, the diffusion cell
apparatus represents a standard analytical tool
routinely used in practice e.g. for skin-
penetration experiments in pharmacy or
cosmetics. From the viewpoint of the desired
level of illustration, the combination of
transparent hydrogel medium and colored

diffusing substances results in the diffusion of
the solute being observable even visually (see
Figure 5)

Figure 5. Photo of the gel samples with different content of PSS after 72 hours of diffusion of Methylene Blue
(from left to right: 0 wt.%, 0.002 wt.%, 0.005 wt.% and 0.010 wt.% PSS in 1 wt.% AG gel). The decrease of
the depth of the dye penetration with increasing concentration of PSS in the gel is obvious.
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Figure 6.

Results of the through-diffusion experiments; breakthrough curves of MB for reference agarose

hydrogel (AG) and for gels with respective polyelectrolyte component (ALG, HA and PSS).

Figure 6 shows the results of through-diffusion
experiments performed in the diffusion cells.
The  breakthrough  curves  (the  time
dependencies of diffusing solute concentration
in the acceptor cell) are shown for the reference
agarose gel as well as for the gels with added
content of reactive polyelectrolyte. It is evident
how the improved binding capacity of gel for
the diffusing compound affects the penetration
of the compound through the gel. The lag time
is increased for all tested polyelectrolyte
components of the gel in comparison with the
reference agarose gel, while the steady-state
diffusion flux is decreased correspondingly (see
Table 2). Although a detailed explanation of
these results is outside the scope of this paper (a
corresponding discussion including mathe-
matical evaluation of data is presented
elsewhere'¥), this general finding represents a
clear illustration of the way that the binding of
solute affects its mobility within the gel. Hence,
a small addition of the polyelectrolyte
component (note that the dry weight of agarose
in the gel is 100x higher than that of poly-
electrolyte) can result in a more than 100%
increase in the lag time. The effect is
qualitatively similar for all tested poly-

electrolytes — humic acids as an important
reactive compound from non-living nature (soil,
sediments), alginate as a model biopolymer and
poly(styrenesulphonate) as a representative of
synthetic polymers. Obviously, a wide variety
of solute-polyelectrolyte combinations s
available for the demonstration of this effect
and a particular choice can be made with
respect to the specific focus of the study
program, etc. From the mass balance in the
diffusion cell compartments at the initial and
final stage the total concentration of methylene
blue absorbed in the hydrogel specimen was
determined. It can be seen that ALG deviates
from the general rule that a polyelectrolyte
component enhances the absorption of solute
within the gel (see Table 1).

The primary experimental outcome of the in-
diffusion/transient experiments is illustrated in
Figure 7. Here, the experimental concentration
profiles of gels (scattered points) are shown
together with the theoretical ones (solid lines),
which were determined by the least-square
fitting of experimental data with Equation 4
using the Solver tool in Microsoft Excel. The
main results of this regression (apparent

Journal of Materials Education Vol. 39 (1-2)



70 Sedlacek, Smilek, Lastivkova, Kalina and Klucakova

Table 2. Main experimental parameters calculated for the diffusion of Methylene Blue in reference
agarose gels (AG) and in gels with respective polyelectrolyte component (ALG, HA and PSS) from
through-diffusion and in-diffusion experiments. It is evident that the binding of MB on the
polyelectrolytes affects the values for both diffusion (jg, tur, Da) and concentration (n, cs). For details
on the way these parameters are determined, see the Supplementary Material (Student Sheets).

through-diffusion experiments

hydrogel steady state diffusion absorbed amount of MB in lag time
composition flux gel tur
jax 10° n x 107 (h)
(mol'm?-s?) (mol)
AG 5.39 £0.09 3.8+04 3.9+£0.6
AG + ALG 2.50£0.02 3.8+04 49+0.1
AG + HA 0.560 + 0.001 16.6£0.1 93+01
AG + PSS 0.240 + 0.002 245+15 9.0+05
in-diffusion experiments
hydrogel apparent diffusion coefficient Da boundary concentration cs
composition (m?s?) (mol-m)
AG 35403 33+8
AG + ALG 1.6+0.2 14+4
AG + HA 1.71+0.01 55+4
AG + PSS 0.18 £ 0.04 622 + 64
diffusion coefficient and boundary con- by the colored substance at given time (see

centrations of the solute) are listed in Table 2.
Again, binding of the solute with the
polyelectrolyte component strongly affects the
experimental data. The decrease in the rate of
diffusion resulting from this binding is
characterized by a lower apparent diffusion
coefficient in gels with added polyelectrolyte,
contrary to the reference agarose gel.
Qualitatively, this effect can be observed
visually as a lower depth of sample penetration

Figure 5). Furthermore, the addition of a
reactive component often affects also the
solution — gel partitioning of the diffusing
solute and corresponding boundary
concentration of the solute within the gel (for
the details, see Sedlacek et al.'®). A substantial
increase in the boundary concentration was
confirmed for PSS and HA in comparison with
reference  AG gels, while the boundary
concentration of MB was reduced significantly
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MB concentration in the gel
(mol-m=3)

distance in the gel (mm)

X AG

® AG + PSS
+ AG + HA
OAG + ALG

Figure 7. Results of the in-diffusion experiments; experimental (scattered points) and theoretical (solid lines)
concentration profiles of MB in reference agarose hydrogel (AG) and in gels with the respective

polyelectrolyte component (ALG, HA and PSS).

in hydrogels with added ALG (note the analogy
with the results from the through-diffusion
experiments). This difference in the behavior of
different  polyelectrolytes illustrates the
complex character of the solution — gel
partitioning as another important physico-
chemical phenomena involved in the performed
experiments. It also shows the wide scope of
these experiments in terms of students applying
their theoretical knowledge from various areas
of physical chemistry.

That the proposed methodology could make an
educational contribution was confirmed also by
the feedback from students involved in the trial
experiments (the voluntary and anonymous
guestionnaire was answered by 15 students in
total). From the practical point of view, the
students pointed out the crucial experimental
steps and some procedural difficulties of the
experiments (mainly the risk of the formation of
air bubbles in the gel and leaks in the diffusion
cells apparatus caused by the careless
preparation of the gel sample). Nevertheless, all
the students unanimously appreciated these
experiments as a practical illustration of

diffusion processes in general and of the effects
of specific interactions on diffusion in
particular.

CONCLUSIONS

From an educational
proposed methodology allows the
undergraduate students to support their
theoretical knowledge of diffusion and related
physico-chemical phenomena with highly-
illustrative  practical demonstrations. The
attractiveness of the experiments is supported
also by the preparation of hydrogels being
involved, as this is a procedure with great
practical applicability in everyday life. The
evaluation of experimental data provides an
opportunity to employ diffusion mathematics in
a less complex and practical way. Since the
complete duration of these experiments is in the
order of days, it is better suited for block-taught
laboratory courses. Nevertheless, they can be
implemented also in standard weekly-taught
courses e.g. by dividing the workflow into two
subsequent steps.

point of view, the

Journal of Materials Education Vol. 39 (1-2)



72 Sedlacek, Smilek, Lastivkova, Kalina and Klucakova

From a scientific point of view, this paper
clearly shows that the proposed diffusion
techniques provides an innovative approach to
the study of binding and barrier properties of
diverse natural or synthetic compounds. The
diffusion techniques can be utilized as an
interesting alternative to traditional reactivity
mapping methods such as batch sorption
experiments?®.The diffusion cell technique
should be a universal method for the study of
reactivity or barrier properties of various
systems, especially biopolymers in hydrogel
form. Furthermore, the proposed methodology
enables broadening the experimental scope of
the study by involving binding-affecting
parameters such as pH, ionic strength or
temperature.
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SUPPLEMENTARY MATERIAL
for the paper:

Hydrogels: Invaluable Experimental Tool for Demonstrating Diffusion
Phenomena in Physical Chemistry Laboratory Courses

Figure S1. Plastic ring holder filled with in-situ gelatinized AG (left) and AG — HA (right)
hydrogels, respectively.

Figure S2. Cuvette holder equipped with fine controlled vertical movement designed
and manufactured for the in-diffusion experiments.

Journal of Materials Education Vol. 39 (1-2)
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Figure S3. In situ preparation of the AG hydrogel

Figure S4.  Side-by-side diffusion cells (PermeGear, Inc.)

Journal of Materials Education Vol. 39 (1-2)
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STUDENT SHEET

THROUGH-DIFFUSION/STEADY STATE DIFFUSION EXPERIMENTS

Instrumentation:
e side-by-side diffusion cell (PermeGear, Inc.)

o fiber spectrophotometer USB 2000+ (Ocean Optics, Inc.)

o software SpectraSuite, data processing software (e.g. OriginPro, MS Excel)

Chemicals:
e agarose (AG, routine use class, Sigma-Aldrich)

methylene blue hydrate (MB, Sigma-Aldrich)

e poly(sodium 4-styrenesulfonate) (PSS, Sigma-Aldrich)

e alginate (ALG, Sigma-Aldrich)

e Leonardite Humic Acid Standard (HA, 1S104H, International Humic Substances Society)
e deionized water (ELGA Purelab)

Aims of the work:
e to determine a calibration curve for UV-VIS detection of methylene blue in agueous
solutions
o to determine steady-state diffusion parameters (lag time, diffusion flux) of methylene blue in
1 wt.% agarose hydrogel
o to determine steady-state diffusion parameters (lag time, diffusion flux) of methylene blue in

1 wt.% agarose hydrogel with an addition of 0.01 wt.% of selected polyelectrolyte

Laboratory instructions:

1. Calibration curve of methylene blue
e prepare a set of 5 calibration solutions of MB in the concentration range 0.001- 0.01 g-dm
e measure UV-VIS spectra of the calibration solutions on USB2000+ fiber spectrometer in the

range 300 — 800 nm (see the operation manual for the spectrometer)

2. Steady-state diffusion of methylene blue in 1 wt. % agarose hydrogel

e prepare 100 cm? of the stock solution of MB (concentration 0.01 g-dm)
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e prepare the agarose hydrogel via the following procedure:

O

O

O

put 10 cm?® of deionized water into a beaker

add 0.1 g agarose powder to the water

under continuous stirring slowly heat the dispersion to 80°C,

keep stirring at 80°C until all the agarose dissolves

pre-heat the mold and glass at 80°C in the oven

put the agarose solution in an ultrasonic bath at 80°C for 1 minute

pour the warm solution of agarose into the mold, cover the solution with the pre-
heated glass

let the solution solidify for at least 45 minutes at laboratory temperature

place the mold between the two chambers of the diffusion cell apparatus
simultaneously fill one compartment (donor) of the diffusion cell with 60 cm?® of the
stock solution of MB and the second compartment (acceptor) with the same volume
of deionized water

immerse the spectrophotometric probe in the acceptor compartment of the diffusion
cell and record the baseline for deionized water

set the spectra to be recorded every 30 minutes (see the operation manual for the
spectrometer)

terminate the measurements after 24 hours and measure the concentration of the

diffusion probe in the donor compartment of the diffusion cell

3. Steady-state diffusion of methylene blue in in 1 wt.% agarose hydrogel with an
addition of 0.01 wt.% polyelectrolyte

e prepare 100 cm?® of the stock solution of MB (concentration 0.01 g-dm™)

e prepare 10 cm? of the stock solution of selected polyelectrolyte (concentration 1 g-dm™)

e prepare the agarose/polyelectrolyte (PE) hydrogel via the following procedure:

O

O

O

put 1 cm? of the stock solution of polyelectrolyte into a beaker
add 0.1 g agarose powder to the water

put 9 cm? of deionized water into a beaker

under continuous stirring slowly heat the dispersion to 80°C
keep stirring at 80°C until all the agarose dissolves

pre-heat the mold and glass at 80°C in the oven

put the agarose/PE solution in an ultrasonic bath at 80°C for 1 minute
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o pour the warm agarose/PE solution into the mold, cover the solution with the pre-
heated glass

o let the solution solidify for at least 45 minutes at laboratory temperature

o place the mold between the two chambers of the diffusion cell apparatus

o simultaneously fill one compartment of the diffusion cell with 60 cm?® of the stock
solution of MB and the second compartment with the same volume of deionized
water

o immerse the spectrophotometric probe in the acceptor compartment of the diffusion
cell and record the baseline for deionized water

o set the spectra to be recorded every 30 minutes (see the operation manual for the
spectrometer)

o terminate the measurements after 24 hours and measure the concentration of the

diffusion probe in the donor compartment of the diffusion cell

Data processing:

1. Calibration curve of methylene blue
plot a dependency of absorbance at 665 nm on the concentration of MB solution
from the linear regression of the data (e.g. in MS Excel), calculate the mass extinction

coefficient pyp 665 nm according to Lambert Beer equation

A(665nm) = Uvpeesnm * L * CumBs

where cyg is concentration of MB in g-dm?3, A is the absorbance and | represents optical
path of the fiber dip probe

2. Steady-state diffusion of methylene blue in 1 wt. % agarose hydrogel

using the determined value of pypeesnm, Calculate from the recorded UV-VIS spectra
corresponding values of the concentration of MB in the acceptor cell

plot the dependency of the concentration of MB on time

from the linear regression of the steady-state phase of the diffusion experiment (see picture
below), determine a lag time ¢, (from the time-axis interception) and a steady-state

diffusion flux j; from the equation

j =(dCMB)  Veen
d dt Jss Agel’

d i . .
where (%) represents the slope of the linear regression, V. is a volume of the acceptor
SS

cell and Ag represents an area of the gel sample in contact with the source and acceptor
solution
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e from the final concentration of MB in the donor and acceptor cell, calculate the absorbed

amount of MB in the gel according to equation

n="Vey- (Cdon,o — Cdon,o — Cacc,oo)’
where cgono and cgon 00 represents initial and final concentration of MB in the donor cell
and c,c o represents the final concentration of MB in the acceptor cell

3. Steady-state diffusion of methylene blue in in 1 wt.% agarose hydrogel with an
addition of 0.01 wt.% polyelectrolyte

® use the same data processing method as in the previous case in order to determine
tir, jq and n
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STUDENT SHEET

IN-DIFFUSION/TRANSIENT DIFFUSION EXPERIMENTS

Instrumentation:
o disposable PMMA spectrophotometric cuvettes

e Cary 50 UV-VIS spectrometer (Varian, Inc.) with a controlled fine vertical movement
accessory
o software Cary WinUV, data processing software (OriginPro 8.0, MS Excel)

Chemicals:
e agarose (AG, routine use class, Sigma-Aldrich)

methylene blue hydrate (MB, Sigma-Aldrich)

e poly(sodium 4-styrenesulfonate) (PSS, Sigma-Aldrich)

e alginate (ALG, Sigma-Aldrich)

e Leonardite Humic Acid Standard (HA, 1S104H, International Humic Substances Society)
e deionized water (ELGA Purelab)

Aims of the work:
e to determine a calibration curve for UV-VIS detection of methylene blue in 1 wt.% agarose

hydrogel

e to determine a calibration curve for UV-VIS detection of methylene blue in 1 wt.% agarose
hydrogel with an addition of 0.01 wt.% of selected polyelectrolyte

o to determine transient diffusion parameters (apparent diffusion coefficient, boundary
concentration) of methylene blue in 1 wt.% agarose hydrogel

¢ to determine transient diffusion parameters (apparent diffusion coefficient, boundary
concentration) of methylene blue in 1 wt.% agarose hydrogel with an addition of 0.01 wt.%

of selected polyelectrolyte

Laboratory instructions:

1. Calibration of methylene blue in 1 wt. % agarose hydrogel and in 1 wt.% agarose
hydrogel with the addition of 0.01 wt.% polyelectrolyte

e prepare 50 cm? of the stock solution of MB (concentration 0.01 g-dm™)
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e prepare 10 cm? of the stock solution of selected polyelectrolyte (concentration 1 g-dm™)

e prepare a set of 5 calibration agarose/MB hydrogels via the following procedure:

O

@)

@)

put a selected volume of MB stock solution (in a range from 0 to 10 cm?®) into a
beaker

add deionized water to set the total volume of the solution to 10 cm?®

add 0.1 g agarose powder to the water

under continuous stirring slowly heat the dispersion to 80°C

keep stirring at 80°C until all the agarose dissolves

put the agarose solution in an ultrasonic bath at 80°C for 1 minute

pour the warm solution of agarose into classical cuvettes for spectrophotometry

let the solution in cuvettes solidify for at least 45 minutes at laboratory temperature

e measure UV-VIS spectra of the set of individual calibration hydrogel samples on Varian

Cary 50 spectrometer in the range 300-800 nm (see the operation manual for the

spectrometer)

e prepare the same set of 5 calibration samples of MB in standard cuvettes for UV-VIS

spectrophotometry containing 1 wt.% agarose hydrogels with addition of 0.01 wt.% of

individual polyelectrolyte (add 1 ml of the polyelectrolyte to the agarose/MB solution during

the gel preparation)

2. Transient diffusion of methylene blue in 1 wt. % agarose hydrogel

e prepare 1000 cm? of the stock solution of MB (concentration 0.01 g-dm™)

e prepare the agarose hydrogel via the following procedure:

O

O

O

put 10 cm® of deionized water into a beaker

add 0.1 g agarose powder to the water

under continuous stirring slowly heat the dispersion to 80°C

keep stirring at 80°C until all the agarose dissolves

put the agarose solution in an ultrasonic bath at 80°C for 1 minute

pour the warm solution of agarose into classical cuvettes for spectrophotometry

let the solution in cuvettes solidify for at least 45 minutes at laboratory temperature
on the opened side of cuvette cut the excess of hydrogel to create sharp and flat
interface

immerse the cuvettes with 1 wt. % agarose hydrogel into vessel with 250 cm?® of
stock solution of MB

cover the diffusion vessel with a lid

Journal of Materials Education Vol. 39 (1-2)



82

O

O

Sedlacek, Smilek, Lastivkova, Kalina and Klucakova

to prevent evaporation of MB solution seal the space between lid and vessel with
parafilm

at selected time intervals (24, 48) take the cuvettes out from diffusion solution and
measure by using of the holder with vertically adjustable measuring position UV-
VIS spectra of MB in cuvettes at different position from the edge of cuvette
(=solution/hydrogel interface)

immerse the cuvettes back to the diffusion solution after the measurement

terminate the diffusion experiments after 72 hours

Transient diffusion of methylene blue in in 1 wt.% agarose hydrogel with the

addition of 0.01 wt.% polyelectrolyte

prepare 1000 cm?® of the stock solution of MB (concentration 0.01 g-dm™)

prepare 10 cm?® of the stock solution of selected polyelectrolyte (concentration 1 g-dm®)

prepare the agarose/polyelectrolyte (PE) hydrogel via the following procedure:

@)

O

O

put 1 cm? of the stock solution of polyelectrolyte into a beaker

add 0.1 g agarose powder to the water

put 9 cm?® of deionized water into a beaker

under continuous stirring slowly heat the dispersion to 80°C

keep stirring at 80°C until all the agarose dissolves

put the agarose/PE solution in an ultrasonic bath at 80°C for 1 minute

pour the warm solution of agarose/PE into classical cuvettes for spectrophotometry
let the solution in cuvettes solidify for at least 45 minutes at laboratory temperature
on the opened side of cuvette cut the excess of hydrogel to create sharp and flat
interface

immerse the cuvettes with 1 wt. % agarose hydrogel with addition of 0.01 wt.% of
selected polyelectrolyte into vessel with 250 cm?® of stock solution of MB

cover the diffusion vessel with a lid

to prevent evaporation of MB solution seal the space between lid and vessel with
parafilm

at selected time intervals (24, 48) take the cuvettes out from diffusion solution and
measure by using of the holder with vertically adjustable measuring position UV-
VIS spectra of MB in cuvettes at different position from the edge of cuvette
(=solution/hydrogel interface)

immerse the cuvettes back to the diffusion solution after the measurement

terminate the diffusion experiments after 72 hours

Journal of Materials Education Vol. 39 (1-2)



Hydrogels: Invaluable Experimental Tool for Demonstrating Diffusion Phenomena in Laboratory Courses 83

Data processing:

1. Calibration curve of methylene blue in 1 wt. % agarose hydrogel and in 1 wt.%
agarose hydrogel with the addition of 0.01 wt.% polyelectrolyte

e open arecorded UV-VIS spectrum of a 1 wt. % agarose hydrogel with a known
concentration of MB in a data processing software OriginPro 8.0

e in order to correct the spectrum form the light scattering effects, set the baseline (light
scattering signal) of the spectrum (in Analysis\Spectroscopy\Baseline and Peaks) according

to the picture below

]
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e subtract the determined baseline from the UV-VIS spectrum
(in Analysis\Data Manipulation\Subtract Reference Data)
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from the corrected spectrum, determine the corrected absorbance at 665 nm (4., (665 nm))
plot a dependency of corrected absorbance at 665 nm on the concentration of MB solution
from the linear regression of the data (e.g. in MS Excel), calculate the mass extinction

coefficient of MB in the agarose gel tg gel,665 nm according to Lambert-Beer equation

Acor(665 nm) = ppg gel,665 nm - cump,
where cyg is concentration of MB in g-dm?, A is the absorbance and | represents optical
path in the cuvette
use the same data processing method as in the previous case in order to determine a value of

mass extinction coefficient of MB in the agarose/PE gel puag,/pE gel,665 nm * L * CmB»

2. Transient diffusion of methylene blue in 1 wt. % agarose hydrogel

correct the recorded UV-VIS spectra (measured at different positions of the gels) by the
correction procedure described above (subtraction of the light-scattering baseline)

using the determined value of paG gel665 nm, Calculate from the corrected UV-VIS spectra
corresponding values of the concentration of MB at specific distances from the gel/solution

boundary
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plot the concentration profiles of MB in the gel (dependency of MB concentration on the
distance from boundary)
use the least-square method to fit the experimental concentration profile of MB in the gel by

the theoretical equation
X

JaD,t

where ¢; is the concentration on the hydrogel-solution interface, erfc is the complementary
error function and t is the time from the beginning of the diffusion process. For the fitting
purpose, use a selected data processing software, e.g. MS Excel (use a procedure described
below, see the demonstration excel workbook):

cMB = C * erfc

o inthe table processor, plot the measured concentration profiles (for all times of the

spectra recording)

24

48

72

cus [g/dm”]

0.012521
0.010841
0.009857
0.009172
0.007733
0.006674
0.004758
0.003274
0.002265
0.001433
0.000877
0.000482
0.000257
0.000131
0.000064
0.000024

0.012293
0.011922
0.010481
0.009791
0.008799
0.007599
0.006171
0.004916
0.003901
0.003056
0.002287
0.001689
0.001227
0.000854
0.000622
0.000409
0.000263
0.000154
0.000117

0.0126]
0.01196]
0.01164]

0.0117|
0.01037]
0.00992]
0.00873]
0.00759)
0.00669)
0.00553]
0.00464]

0.0038
0.00308]
0.00247]
0.00195]
0.00153]
0.00117]

0.0009)

0.0007|
0.00049)
0.00039)
0.00031]

0.014 1

0.012 A

0.010 1

0.008 A

0.006 - ®

¢ [g/dm?]
[}
®

0.004 - ° o

0.002 1 e o

0.000 -

®24h. -

e48h.-

e72h.-

exp.

exp.

exp.

0.03
x [m]

0.04

0.05

0.06

O

calculate the theoretical concentration profiles with an initial guess of the parameters

cs, D,. Plot the theoretical concentration profiles
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A B o D E G H J K L M N o} P a R
1
2 t[h] 24 a8 72[ 24 a8 72
3 x[m] cws [8/dm?] | Ctheoret [9/1] | average stand. dev.
0| =$KS4*ERFC(B4/SQRTPI(4*$K$5*$K$3*0.0000000001 ) Cg [g/dma] 1cs [g/dm‘}] i e [g/dm'}] 1 (8 [g/dms] 1.0000 0.0000|
s 0.001 0.80989 0.86493 0.88954 D[m%s] 1.000D[m%s] 1.000 D [m%s]  1.000 [N QA IEEEELN] 0.000
6 0.002 0.63043 07337 0.78118
7 0.003|0.012521 0.0126{ 0.47029 0.60983 0.67692 | |
8 0.004/0.010841 0.012293 0.01196| 0.33592 0.49624 0.57851
9 0.005/0.009857 0.011922 0.01164] 0.22905 0.39504 0.4874
10 0.006/0.009172 0.010481  0.0117| 0.14891 0.30743 0.40466
1 0.007|0.007733 0.009791 0.01037| 0.09219 0.23376 0.33094
12 0.008|0.006674 0.008799 0.00992| 0.05429 0.17357 0.26652 1.2 1
13 0.01{0.004758 0.007599 0.00873| 0.01614 0.08894 0.16487 —24h. - theor.
1 0.012/0.003274 0.006171 0.00759| 0.00389 0.04123 0.09558
15 0.014)0.002265 0.004916 0.00669| 0.00076 0.01724 0.05184 1.0 4 —48 h. - theor.
16 0.016/0.001433 0.003901 0.00553| 0.00012 0.0065 0.02627
17 0.018/0.000877 0.003056 0.00464| 1.5E-05 0.0022 0.01242 — 72 h. - theor.
18 0.02(0.000482 0.002287  0.0038| 1.5€-06 0.00067 0.00547
19 0.022/0.000257 0.001689 0.00308| 1.2E-07 0.00018 0.00225 0.8 1 24h
20 0.024/0.000131 0.001227 0.00247| 7.8E-09 4.5E-05 0.00086 — ° -~ &Xp.
21 0.026/0.000064 0.000854 0.00195 4E-10 9.7E-06 0.0003 E
2 0.028/0.000024 0.000622 0.00153( 1.6E-11 1.9E-06 0.0001 T 056 A ® 48h. -exp.
23 0.03 0.000409 0.00117| 5.36-13 3.36-07 3.1E-05 k=]
2 0.032 0.000263  0.0009| 1.4E-14 5.2E-08 8.8E-06 4] ® 72h. -exp.
25 0.034 0.000154  0.0007| 2.96-16 7.3E-09 2.3E-06
26 0.036 0.000117 0.00049| 4.76-18 9.1E-10 5.7E-07
27 0.038 0.00039| 6.26-20 1E-10  1.3E-07
28 0.04| 0.00031| 6.4E-22 1E-11 2.8E-08
2 0.042 5.3E-24 9E13  S5.4E-09
30 0.043 4.4E-25 2.6E-13 2.3E-09
31 0.044 3.5E-26 7.26-14 9.9E-10
32 0.045 2.6E-27 19E-14 4.1E-10
23 0.046) 8558 BB LD 0 0.01 0.02 0.03 0.04 0.05 0.06
N 0.047 12E-29 13E-15 6.7E-11
35 0.048 76E-31 3.2E-16 2.6E-11 X [m]
36 0.049 45632 7.7E17  1E-11
37 0.05 2.5E-33 1.8E-17 3.8E-12
38
o use MS Excel function SUMXMY2 to calculate the sum of the squares of
differences between corresponding experimental and theoretical profiles
A B C D E F G H 1 J L M o P Q R
1
2 t[h] 24 48 72 24 48 72
3 x[m] s [8/dm’] Ctheoret [9/1] average stand. dev.|
4 b 1 1 1 ¢ [g/dm’] 1 ¢ [g/dm’] 1 ¢ [g/dm?] il [o/dm’]  1.0000 0.0000
0.001] 0.80989 | 0.86493 0.88954 D [mgls] 1.000 D [mgls] 1.000 D [mgls] 1.000 (&) [mzls] 1.000 0.000
0.002 0.63043 | 0.7337 0.78118 :SU‘MXMYZ(FA:F37;C4:C37)
7 0.003] 0.012521 0.0126] 0.47049 | 0.60983 0.67692 W/
8 0.004]0.010841] 0.012293 0.01196| 0.33592 | 0.49624 (0.57851
9 0.005]0.0098570.011922 0.01164] 0.22905 | 0.39504 0.4874
10 0.006(0.009172]0.010481  0.0117] 0.14891 | 0.30743 0.40366
1 0.0070.007733)0.009791 0.01037] 0.09219 | 0.23376 0.33034
12 0.008| 0.006674| 0.008799 0.00952| 0.05429 | 0.17357 0.26652
13 0.01] 0.004758| 0.007599 0.00873| 0.01614 | 0.08894 0.16487
14 0.012| 0.003274/0.006171 0.00759| 0.00389 | 0.04123 0.09558 1.2 —24 h. -theor.
15 0.014) 0.002265|0.004916 0.00669| 0.00076 | 0.01724 0.05184
16 0.016|0.001433|0.003901 0.00553| 0.00012 | 0.0065 0.02627 1.0 4 —48 h. -theor.
17 0.018| 0.000877|0.003056 0.00464| 1.5E-05 | 0.0022 0.01242
18 0.02| 0.000482| 0.002287  0.0038] 1.5E-06 | 0.00067 0.00547 —72h. -theor.
19 0.022) 0.000257|0.001689 0.00308| 1.2E-07 | 0.00018 0.00225 08 1
20 0.024]0.000131] 0.001227 0.00247| 7.86-09 | 4.5E-05 0.00086 ® 24h. -exp.
21 0.026(0.000064| 0.000854 0.00195| 4E-10 | 9.7E-06 0.0003 “'E 06 1 ® 48h. -exp.
2 0.028|0.000024| 0.000622 0.00153 1.6E-11 | 1.9E-06 0.0001 5 :
2 0.03 0.000409 0.00117) 5.36-13 | 3.3E07 3.1E-05 3 ® 72h. -exp.
7 0.032] 0.000263 0.0009| 1.4E-14 | 5.2E-08 B.8E-06 °
25 0.034) 0.000154 0.0007| 2.9€-16 | 7.3E-09 2.3E-06
26 0.036] 0.000117 0.00045| 4.7E-18 | 9.1E-10 5.7E-07
27 0.038| 0.00039| 6.2€-20 | 1E-10 1.3E-07
28 0.04| 0.00031] 6.46-22 | 1E-11 2.8€-08
29 0.042] 5.3E-24 | 9E-13  5.4E-09
30 0.043] 4.4E-25 | 2.6E-13  2.3E-09
31 0.044{ 3.5E-26 | 7.2E-14  9.96-10 0 0.01 0.02 0.03 0.04 0.05 0.06
2 0.045] 2.6E-27 | L9E-14 4.1E-10
33 0.046 1.86-28 | 51615 17E-10 X [m]
3 0.047] 12629 | 13E15 6.7E-11
35 0.048) 7.6E-31| 32E-16 2.6E-11
36 0.049) 45632 | 77647 1E-11
37 0.05] 2.5E-33 | 1.8E-17 3.8E-12
38
39
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o calculate the total difference as the sum of the squares of differences for the three
A B C D E F G H 1 J K L M N o P Qa R
1
2 t[hl] 24 48 72 24 18 72
3 x[m] cus [8/dm] Ctheoret [9/1] t[s] 86400 172800 259200 average stand. dev.
s o 1 1 1 ¢, [g/dm] 1 ¢, [gdm?] 1 ¢, [g/dm?] Elc. [g/dm®  1.0000 0.0000
2 2 2 2
s 0.001] 0.80989 0.86493 0.88954 D [m*/s] 1.000 D[m*s]  1.000 D [m%/s] 1.000 [PRiugS)| 1.000 0.000
2 2 2
6 0.002 0.63043 07337 0.78118 S(Acqy) 0.393]3(Acq) 0.5545[3(Aco) 1.3464
7 0.003| 0.012521 0.0126] 0.47049 0.60983 0.67692 total difference |=K6+M6+06
8 0.004{0.010841 0.012293 0.01196( 0.33592 0.49624 0.57851
9 0.005[0.009857 0.011922 0.01164{ 0.22905 039504 0.4874
10 0.006|0.009172 0.010481 0.0117] 0.14891 0.30743 0.40466
u 0.007[0.007733 0.009791 0.01037| 0.09219 023376 0.33094
12 0.008[ 0.006674 0.008799 0.00992| 0.05429 017357 0.26652
13 0.01]0.004758 0.007599 0.00873| 0.01614 0.08894 0.16487 1.2
14 0.012{0.003274 0.006171 0.00759| 0.00389 0.04123 0.09558 - —24h. - theor
15 0.014]0.002265 0.004916 0.00669| 0.00076 0.01724 0.05184
16 0.016|0.001433 0.003901 0.00553| 0.00012 0.0065 0.02627 1.0 4 —48 h. - theor
17 0.018[0.000877 0.003056 0.00464| 15605 0.0022 0.01242
18 0.02/0.000482 0.002287 0.0038| 1.5E-06 0.00067 0.00547 —72h. -theor.
19 0.022]0.000257 0.001689 0.00308| 1.2E-07 0.00018 0.00225 08 1 24h
20 0.024[0.000131 0.001227 0.00247| 7.86-09 4.5E-05 0.00086 - ° - - XP.
2n 0.026[0.000064 0.000854 0.00195| 4E-10 9.7E-06 0.0003 2
£ 0.6 4 ® 48 h. - exp.
2 0.028[0.000024 0.000622 0.00153| 1.6E-11 L9E-06 0.0001 35 E
2
3 0.03 0.000409 0.00117| 5.3E-13 3.3E-07 3.1E-05 ) ® 72h. - exp.
% 0.032) 0000263 0.0009| 1.4E-14 52E-08 B.8E-06 ° 0.4 4
2 0.034 0000154 0.0007| 29616 7.3E-09 2.3E-06 :
% 0.036 0.000117 0.00049| 47618 9.1E-10 5.7E-07
27 0.038 0.00039| 62620 1E-10 1.3E-07 0.2 4
2 0.04 000031| 6.4E-22 1E11 2.8E-08
23 0.042| 5.3E-24 9E-13 5.4E-09
30 0.043) 44E25 2.6E13 23E09 0.0 -0-0-0~0-0-0 0000000 ee T |
31 0.044 3.56-26 7.2E-14 9.9E-10 0 0.01 0.02 0.03 0.04 0.05 0.06
32 0.045| 2.6E-27 1.9E-14 4.1E-10
33 0.04¢] 18E-28 S51E-15 1.7E-10 x [m]
) 0.047] 12629 13E-15 6.7E-11
35 0.048| 7.6E-31 3.2E-16 2.6E-11
36 0.049 45E-32 77647 1E11
37 0.05) 25633 1.8E-17 3.8E-12
38
a
o use the Solver tool to minimize the total difference by iterative variation of
parameters cs, D,
* 7
[ & B D E F G H ] K L M N 0 ) a R
1]
2 t[h] 24 48 72| 24 48 72
3 x[m] s [g/dm?] Ciheoret [9/1] t [s] 86400 172800 259200 average Istand. dev,|
4 o 1 1 1 ¢, [g/dm®] [fc. [g/dm™]  1.0000 0.0000
5 2
5 0.00; 080989 0.86493 0,88954 D [m'/s] D [m%/s] 1.000| 0.000
Parametry Retitele = > ] o > ]
Y (Acy) 0.393|3(Acy) 0.5545|3(Acs) 1.3464
7 P e total difference  2.293
8
P Nai O max @mn © Hodnota: 0
i Na z8kadé zmény proménnijch bunék:
1
1 Omezyict pocminky: 1.2 1
14 I - . —24 h. - theor.
Piidat
13
; 10 —Bh.-ther
1
1 —72h - ther
bt 0.8
; o 240 -
4 T
- Nagist nebo ulosit £ 0.6 @ 48 h. - exp.
2 - — p— el :
Nastavit prom&nné bez omezujicich podminek jako nezaporné =
2 =]
= @ 72 h. -exp.
24| vyberte metod fesent GRG Neriinear [] ©
25 -
2 Metoda fedeni
Modl GRG Nonlinear vyberte pro hiadké nelinearm problémy Resitele. Modul LP Simplex zvolte pro
2z lineérni problémy Resitele a modul Evolutionary pro nehladke problémy Resitele,
2
2
3 P - -
3 0 0.01 0.02 0.03 0.04 0.05 0.06
3 = - -
33 0.045] 18628 5.1E-15 1.7E-10 x [m]
) 0.047] 12629 13E15 6.7E-11
35 0.048| 7.6E-31 3.2E-16 2.6E-11
36 0.049 4SE32 77617 1E-11
a7 0.05 25633 18617 3.8E-12
38
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o calculate the average value and standard deviations of the transient diffusion

parameters

A B [ D E F G H 1 ] K L M N o P [s} R
1
2 t[h.] 24 48 72| 24 48 72
3 x[m] cus [8/dm’] Cheoret [A] average stand. dev.
4 o 0.01662 0.0154 0.01553 0.017 ¢, [g/dm’] 0.0154 c, [g/dm°] 0.016 [MELN LEEE) 0.0007
5 0.001 0.01522 0.01456 0.01479 5178 D [mQI'S] 6.196 D [mQIS] 5.304 |8 [mzis] 5.559 0.555
3 0.002] 0.01383 0.01373 0.01404 Z(Acﬂz 1E-06 Z(Ac2)2 2E-06
7 0.003{0.012521 0.0126] 0.01248 0.0129 0.0133 total difference  4E-06
8 0.004{0.010841 0.012293 0.01196] 0.01117 0.01208 0.01257
9 0.005{0.009857 0.011922 0.01164] 0.00992 0.01128 0.01185
10 0.006{0.009172 0.010481  0.0117) 0.00874 0.0105 0.01115
u 0.007[0.007733 0.009791 0.01037) 0.00763 0.00974 0.01045
» 0.008{0.006674 0.008799 0.00992| 0.00661 0.008  0.00978
13 0.01/0.004758 0.007599 0.00873| 0.00483 0.00761 0.00849 0.018
1 0.012{0.003274 0.006171 0.00759| 0.0034 0.00635 0.00729 : ] —24 h. -theor.
|15 0.014{0.002265 0.004916 0.00669) 0.00231 0.00522 0.00619 0.016 1
16 0.016{0.001433 0.003301 0.00553 0.00151 0.00422 0.0052 —48 h. - theor.
¥ 0.018{0.000877 0.003056 0.00464] 0.00095 0.00337 0.00431 0.014 A
18 0.02|0.000482 0.002287  0.0038] 0.00057 0.00264 0.00354 —72h. - theor.
19 0.022{0.000257 0.001689 0.00308] 0.00033 0.00204 0.00287 0.012 - ® 24h -ex
20 0.024{0.000131 0.001227 0.00247| 0.00019 0.00156 0.0023 — P
2n 0.026{0.000064 0.000854 0.00195| 9.96-05 0.00116 0.00182 % 0.010 H ® 48h. - exp
» 0.028{0.000024 0.000622 0.00153| 5.1€-05 0.00086 0.00142 <
3 0.03) 0.000409 0.00117| 2.56-05 0.00062 0.00109 B 0.008 + ® 72h. -exp
n 0.032 0.000263 0.0009| 1.2E-05 0.00044 0.00083 © 0006 4
5 0.034] 0.000154  0.0007| 5.4E-06 0.00031 0.00063
2 0.035 0.000117 0.00049| 2.36-06 0.00021 0.00046 0.004 -
27 0.038 0.00039| 9.8E-07 0.00014 0.00034
3 0.04] 0.00031| 3.96-07 9.6E-05 0.00025 0.002
2 0.042 15607 63E-05 0.00018
30 0.043] 9.1E-08 5.E-05 0.00015 0.000 -
a1 0.044] SSE08 4105 0.00012 0 0.01 0.02 0.03 0.04 0.05 0.06
2 0.045 3308 32E05 0.0001
33 0.046 1.9E-08 2.6E-05 8.6E-05 x [m]
34 0.047| 1.1E-08 2E-05 7.1E-05
35 0.048| 6.5E-09 1.6E-05 5.9E-05
36 0.049 3.7E09 13E05 4.9E-05
a7 0.05] 21609 98606 4E-05
38

1. Transient diffusion of methylene blue in in 1 wt.% agarose hydrogel with the
addition of 0.01 wt.% polyelectrolyte

89

Use the same data processing method as described above for transient diffusion of methylene blue in
in 1 wt.% agarose hydrogel (for calculation of MB concentration in the gel, use the corresponding

value of HAG/PE gel,665 nm)
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STUDENT SURVEY QUESTIONNAIRE

Do you consider the tested methods (through-diffusion experiments in the diffusion cells and
non-stationary diffusion in cuvettes) useful in the advanced study of interactions between a
polyelectrolyte and low-molecular solutes?

Have the tested methods extended your knowledge in the field of diffusion and transport

processes in general?

Was the theoretical background of the tested methods explained clearly enough?
Were the experimental procedures explained clearly enough?

What do you consider the main pros and cons of the tested diffusion methods?

What do you suggest to improve in the workload of the tested laboratory experiments?

Journal of Materials Education Vol. 39 (1-2)
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